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FOREWORD 


This  report  on  the  A-26A  fatigue  life  improvement  processes 
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Air  Force  Base,  Ohio,  and  conducted  under  Air  Force  Contract 
No.  F33657-68-C-01 1 2 .  Iflr,  Howard  Wood  of  the  Air  Force  Flight 
Dynamics  Laboratory,  FDTR,  was  the  Air  Force  technical  monitor. 
This  report  covers  work  conducted  from  5  September,  1967  through 

3  September,  1968.  This  report  was  submitted  by  the  author  on 

4  October,  1968. 

The  author  gratefully  acknowledges  the  assistance  given  by 
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Vanaero  Co.,  Los  Angelesj  Blr.  Sanford  Friezner,  Specialized 
Testing  Co.,  Los  Angeles;  and  Blr.  Paul  Bickel,  Bletal  Improvement 
Co.,  Los  Angeles. 

This  report  has  been  reviewed  and  is  approved. 
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ABSTRACT 


This  report  presents  the  results  and  conclusions  of  a  specimen 
testing  program  established  to  confirm  or  modify  certain  con¬ 
clusions  reached  during  the  cyclic  test  of  the  A-26A  uiing  and 
which  affect  the  A-26A  Airplane  Service  Fatigue  Life  Prediction. 

The  object  of  the  program  was  to  evaluate  the  effects  of  reaming 
existing  fatigue-critical  bolt  holes  to  larger  diameters  and 
peening  the  metal  surfaces  inside  of  and  adjacent  to  the  enlarged 
holes. 

Specimens  were  designed  to  duplicate  the  conditions  of  the 
fatigue-critical  portions  of  the  A-26A  wing.  A  series  of  tests 
were  run,  changes  were  made  in  the  program  schedule  as  the  re¬ 
sult  of  information  gained,  and  a  final  series  of  tests  were 
conducted. 

It  was  concluded  that  (l)  the  damage  reduction  due  to  the  ream¬ 
ing  process  produced  results  very  nearly  as  originally  considered 
in  the  A-26A  Service  Life  Prediction,  and  (2)  the  reduction  in 
damage  accumulation  rates  of  the  A-26A  fatigue  test  wing,  origi¬ 
nally  attributed  to  the  effects  of  peening,  was  actually  caused 
by  an  increase  in  bolt  preload  achieved  upon  installing  larger 
diameter  bolts  after  the  reaming  process. 

This  abstract  is  subject  to  special  controls  and  each  trans¬ 
mittal  to  foreign  governments  or  foreign  nationals  may  be  made 
only  with  prior  approval  of  Air  Force  Flight  Dynamics  Labora¬ 
tory  (FDTR),  Ulright-Patterson  Air  Force  Base,  Ohio  45433. 
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INTRODUCTION 


Generally  when  a  Fatigue  problem  occurs  on  an  operational  air¬ 
plane,  the  troublesome  area  is  reworked  and  a  repair  is  designed 
and  installed.  The  repair  procedure  usually  consists  of  two 
basic  requirements.  First,  a  removal  of  cracked  or  damaged 
material  in  the  region  of  the  failure,  and  secondly,  the  addition 
of  parts  to  reinforce  the  area  and  reduce  the  magnitude  of  the 
cyclic  stresses  causing  the  damage. 

Although  the  overall  design  of  a  repair  of  this  type  is  within 
the  state-of-the-art  of  competent  aircraft  structural  designers, 
little  has  been  done  to  evaluate  the  effects  of  the  individual 
processes  used  in  such  a  repair. 

An  evaluation  of  the  effectiveness  of  individual  repair  pro¬ 
cesses  is  necessary  in  order  to  provide  a  basis  for  a  Using 
Command  to  determine  whether  to  effect  a  minor  repair  process 
and  return  the  airplane  to  service,  or  whether  to  restrict  the 
airplane  and  ask  for  a  modification  design. 

The  general  objective  of  this  testing  program  is  to  determine 
the  effectiveness  of  two  basic  repair  processes  for  the  purpose 
of  extending  the  fatigue  limitations  of  airplanes  in  service. 
These  processes  are  ( 1 )  the  removal  of  fatigue  damaged  material 
around  small  bolt  holes  by  reaming  to  a  larger  diameter,  and  (2) 
glass  peening  in  and  around  small  attachment  holes. 

The  specific  objectives  of  this  testing  program  are,  given  an 
aluminum  part  with  critical  small  screw  holes: 

(a)  To  determine  the  effect  upon  fatigue  life  of  reaming 
and/or  peening  after  some  initial  damage  has  been 
accumulated . 

(b)  To  determine  the  most  advantageous  sequence  of  events 
for  extending  fatigue  life. 

(c)  To  determine  what  changes  (if  any)  should  be  made  to 
the  Life  Prediction  of  the  A-26A  aircraft  as  a  result 
of  this  testing  program. 

In  the  process  of  meeting  the  above  objectives,  it  was  decided 
to  add  a  fourth  objective: 

(d)  To  determine  the  effect  of  bolt  preload,  or  tightening 
torque,  upon  the  fatigue  life  of  parts  containing 
bolts  loaded  in  shear. 

The  objectives  for  this  testing  program  were  formulated  as  a 
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result  of  the  A-26A  wing  cyclic  fatigue  test.  During  the  course 
of  that  program,  the  skins  were  stripped  from  the  critical  areas 
of  the  lower  spar  caps,  and  the  attachment  holes  in  the  caps  were 
reamed  to  a  larger  diameter  and  shot  peened.  The  structure  was 
reassembl ed  and  the  fatigue  prog  ram  life  objective  was  achieved, 
and  exceeded,  by  testing.  The  processes  applied  to  the  test 
wings  were  then  applied  to  the  fleet  aircraft. 

The  effects  of  these  processes  were  determined  and  used  in  de¬ 
riving  predicted  fatigue  damage  accumulations  for  service  air¬ 
planes.  This  analysis  is  included  in  the  A-26A  Service  Life 
Prediction  Report,  Reference  (l). 

The  purpose  of  the  specimen  testing  program  was  to  confirm  or 
modify  these  evaluations  as  they  apply  to  the  A-26A  Service  Life 
Prediction,  and  also  to  present  the  results  in  general  terms  for 
utilization  in  evaluating  problems  which  may  occur  on  other  air¬ 
craft  models. 

A  previous  investigation  into  increasing  the  fatigue  life  of 
existing  structures  was  done  by  Butler,  Reference  (9).  This 
report  includes  an  evaluation  of  increasing  rivet  sizes  in  a 
sheet  metal  joint  and  the  effects  of  removing  cracked  material 
in  heavier  structural  members. 

Reference  (ll)  presents  a  summary  of  the  uses  and  some  of  the 
improvements  which  can  be  gained  by  peening.  Reference  (2)  con¬ 
tains  test  results  for  round  specimens,  peened  and  not  peened, 
with  bending  and  axial  loads  applied.  No  quantitative  data  has 
been  found  which  applies  directly  to  the  effect  of  peening 
aluminum  spar  caps. 

Reference  (lO)  contains  the  only  data  found  on  the  relationship 
between  bolt  preload  and  fatigue  life.  Page  54  of  that  report 
shows  the  increase  in  fatigue  life  with  bolt  torque  for  a  thin 
sheet  with  high  bearing  stresses. 
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1  ,  Test  Results 

Sketches  of  the  four  specimen  designs  used  in  this  program  are 
shown  in  Figures  1,  2,  and  3.  Three  basic  designs  were  used: 
Open  Hole,  Loaded  Hole,  and  4  Bolt  Joint.  An  8  Bolt  Joint, 
similar  to  the  4  Bolt  Joint,  was  added  after  the  start  of  the 
testing  program. 

The  results  of  791  specimen  tests  are  recorded  in  Appendix  II. 
Cycles  to  initial  crack  are  recorded  for  86  of  these  tests. 
Cycles  to  initial  crack  were  recorded  by  use  of  a  crack  wire 
circuit  which  shut  down  the  testing  machine  upon  failure  of  a 
wire  located  1/16  inch  from  the  edge  of  the  critical  hole  in 
the  specimen.  (Table  II) 

Test  results  were  consistent  in  most  cases,  with  the  joint 
specimens  producing  the  greatest  variation  in  test  results,  as 
would  normally  be  expected. 

Test  failures  occurring  at  points  outside  of  the  critical  areas 
were  few,  and  failure  cycles  recorded  only  if  the  number  of 
cycles  were  higher  than  the  average  for  the  group. 

Appendix  I  includes  summaries  of  basic  S-N  data.  A  comparison 
of  basic  S-N-  curves  for  the  four  specimen  designs  is  shown  in 
Figure  25  for  a  mean  stress  of  20,000  lb/in^.  Figure  26  gives 
the  comparable  curves  for  a  mean  stress  of  10,000  lb/in?. 

Individual  data  points  for  various  Open  Hole  specimen  tests  are 
shown  in  Figure  27.  Figures  28  and  29  show  data  points  com¬ 
paring  the  two  reaming  processes,  peening  process,  and  basic 
data  for  Loaded  Hole  specimens  and  for  4  Bolt  Joint  specimens. 

Appendix  II  contains  one  data  sheet  for  each  group  of  16  speci¬ 
mens  tested,  S-N  curves  are  compiled  in  Appendix  III,  one  for 
each  test  except  for  those  which  had  a  requirement  for  constant 
load  and  variable  bolt  preload. 

Unless  otherwise  noted,  all  curves  in  this  report  are  based  on 
log  mean  cycles  to  failure. 

2 .  Reaming  Process 

Two  reaming  processes  were  investigated.  The  first  consisted  of 
increasing  a  screw  hole  by  ,03  inch  diameter  and  installing  a 
special  1/32  inch  oversize  diameter  bolt,  which  had  the  same 
thread  and  nut  as  the  smaller  standard  diameter  bolt.  The 
second  process  was  the  reaming  of  a  hole  to  the  diameter  of  the 
next  larger  nominal  attachment  size,  an  ,06  inch  increase  in 
diameter,  and  installing  a  standard  fastener. 
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The  .06  inch  increase  in  hole  size  produced  a  very  favorable 
effect  upon  fatigue  life.  Not  only  was  this  ream  more  effective 
than  the  smaller  ream,  but  in  addition,  the  installation  of  the 
larger  bolt  uiith  the  normal  increase  in  standard  preload  caused 
the  fatigue  life  to  increase  significantly  as  shown  in  the  chart 
of  Figure  12, 

Although  the  ,03  inch  increase  in  hole  diameter  was  effective  in 
many  cases,  it  did  not  prove  to  be  completely  reliable,  particu¬ 
larly  with  the  high  bearing  stresses  encountered  in  the  joint 
designs.  Furthermore,  the  ,06  inch  increase  produced  results 
which  indicate  the  obvious  advantage  of  this  process  as  compared 
to  the  .03  inch  ream, 

3 .  Peenino 

No  increase  in  fatigue  life  could  be  attributed  to  the  applica¬ 
tion  of  the  peening  process.  In  fact,  in  cases  where  fatigue 
life  was  very  sensitive  to  bolt  preload,  peening  was  shown  to  be 
detrimental  (Figures  15  and  17),  In  cases  where  sufficiently 
high  bolt  torque  was  applied,  the  fatigue  life  was  brought  up  to 
the  values  achieved  in  tests  with  not  peened  surfaces  (Figure  19), 

The  fatigue  life  improvement  attributed  to  peening  in  the  A-26A 
Service  Life  Prediction,  Reference  (l),  has  now  been  shown  to  be 
due  to  the  effects  of  an  increase  in  bolt  preload  as  a  result  of 
installing  larger  fasteners  after  the  reaming  process. 

4 .  Optimum  Process 

Analysis  of  the  results  of  this  testing  program  indicates  that 
the  best  process  for  extending  the  fatigue  life  of  a  critical 
structural  area  containing  small  bolts  or  screws  is  as  follows! 

(a)  Ascertain  that  the  existing  damage  accumulation  is  not 
greater  than  60  per  cent  of  fatigue  failure. 

(b)  Ream  existing  critical  holes  to  increase  the  diameter 
by  .06  inch. 

(c)  Install  bolts  or  screws  1 / 1 6  inch  larger  in  diameter 
than  the  original  sizes. 

(d)  Apply  torque  values  to  the  nuts  of  the  new  fasteners 
which  are  not  less  than  industry  standard  values  for 
shear  applications. 

If  the  existing  fatigue  damage  accumulation  is  greater  than  60 
per  cent  of  the  predicted  failure  time,  additional  care  should 
be  exercised  during  the  reaming  process.  Beyond  60  per  cent 
damage  accumul at i on ,  the  probability  of  a  crack  existing,  or  of 
a  condition  where  a  crack  is  about  to  occur,  increases  rapidly. 
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A  crack  detection  inspection  should  be  made,  and  possibly  an 
extra  increase  in  standard  bolt  size  should  be  considered,  A 
more  exact  definition  of  applying  a  process  to  an  area  where 
damage  accumulation  is  near  100  per  cent  is  beyond  the  scope  of 
this  program  and  should  be  the  object  of  additional  investiga¬ 
tions. 

Damage  reduction  factors  due  to  reaming  are  plotted  in  Figure 
13,  and  Section  III,  7,  contains  a  discussion  of  the  results 
produced  by  the  reaming  process, 

5 .  Bolt  Preload 


The  effects  of  bolt  preload  as  produced  by  nut  tightening  torque 
were  evaluated  only  as  a  necessary  step  in  the  process  of  deter¬ 
mining  the  effect  of  reaming  holes  upon  fatigue  life.  The  plots 
in  Figure  19  are  therefore  quite  limited  in  scope.  Further 
definition  of  these  curves  and  the  addition  of  other  materials 
and  ratios  of  bearing  to  tensile  stresses  should  be  the  object 
of  additional  investigations. 

It  should  be  noted  that  bolt  preload  has  been  found  to  produce 
the  most  powerful  effect  upon  fatigue  life  of  any  of  the  varia¬ 
bles  investigated  in  this  program. 

Figures  30  and  31  show  a  failure  which  is  typical  of  several 
which  occurred  in  the  4  Bolt  Joint  specimens.  The  effect  of 
installing  a  5/16  inch  diameter  bolt  with  normal  preload  caused 
the  initial  fatigue  crack  to  start  away  from  the  minimum  net 
section  across  the  hole. 

6 .  A-26A  Life  Prediction 


The  recommended  modification  to  the  A-26A  Service  Life  Prediction 
damage  accumulation  is  shown  in  Figure  24.  This  modification  is 
the  result  of  applying  a  new  damage  reduction  factor  to  the  .06 
inch  reaming  process.  This  change  produces  a  modification  to  the 
damage  accumulation  rate  at  the  front  spar  for  the  last  phase  of 
the  cyclic  test.  This  adjustment  is  possible  because  it  is  now 
concluded  that  the  damage  rate  change  is  a  function  of  the  com¬ 
bination  of  attachment  size  and  attachment  load,  and  not  due  to 
the  effects  of  peening. 

The  modification  to  the  Service  Life  Prediction  is  small  (Figure 
24)  and  will  not  significantly  reduce  the  effectiveness  of  the 
A-26A  fleet. 
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SECTION  III 


DISCUSSION 


1 •  Specimen  Design  and  Fabrication 

The  fatigue  test  specimen  design  is  a  simulation  of  the  A-26A 
spar  cap  skin  attachment  flange.  All  of  the  critical  fatigue 
failures  which  occurred  during  the  A-26A  wing  cyclic  test 
started  at  a  spar  cap  flange  in  the  inboard  area  of  the  wino. 
(Reference  (l)) 

The  flanges  in  this  area  are  approximately  .250  inch  thick  and 
1.25  inch  wide  and  the  material  is  2014-T6  aluminum  alloy. 

Three  basic  specimens  were  designed:  Open  Hole,  Loaded  Hole, 
and  Joint.  The  Open  Hole  specimens  were  designed  to  test  the 
fatigue  life  improvement  processes  without  the  complication  of 
bolts  and  plates.  Loaded  Hole  specimens  simulated  the  effect 
of  shear  flow  being  transferred  from  a  skin  panel  to  a  spar  cap, 
with  light  to  medium  bearing  stresses,  while  the  Joint  specimens 
provided  relatively  high  bearing  stresses  such  as  would  occur  at 
a  splice  or  at  the  end  of  a  load  carrying  member,  such  as  a 
heavy  skin  panel  or  reinforcement  strap. 

Open  Hole  specimens,  Figure  1,  include  variations  to  account  for 
the  effects  of  net  tension  area,  produced  by  the  drilling  of 
different  hole  diameters  in  a  constant  specimen  width;  and  hole 
edge  distance,  by  locating  the  hole  off  the  center  line  of  the 
specimen.  Thickness  variation  was  accomplished  by  fabricating 
a  set  of  specimens  from  .125  inch  sheet  material  as  compared  to 
the  basic  .250  inch  material. 

The  Loaded  Hole  specimen,  Figure  2,  consists  of  a  continuous 
specimen  member  with  two  steel  doubler  plates  bolted  to  the 
surfaces,  one  bolt  loaded  in  double  shear  at  each  end  of  the 
plates.  The  steel  plates  take  load  when  the  specimen  is  loaded 
due  to  consistent  deflections  of  the  plates  and  the  specimen 
between  the  bolt  locations.  A  light  bearing  load  is  applied  to 
the  specimen  holes  as  the  load  applied  to  the  plates  is  trans¬ 
ferred  from  the  specimen  by  the  bolts. 

The  Joint  design,  Figure  3,  consists  of  a  specimen  sawed  across 
the  center  to  form  two  separate  pieces  which  are  spliced  to¬ 
gether  with  two  .125  inch  thick  aluminum  splice  plates.  A  total 
of  four  bolts  are  required,  two  on  each  side  of  the  saw  cut. 

The  total  specimen  load  must  be  transferred  to  the  splice  plates 
by  two  bolts,  each  loaded  in  double  shear. 
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DRILL  TO  DIAMETER 
AND  LOCATE  FROM 
EDGE  OF  PART  AS 
TABULATED. 


SPECIMEN  DIAMETER  LOCATION 
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90% 

net 

area 

.125 

.625 

7  5% 

net 

area 

.312 

.625 

65% 

net 

area 

.437 

.625 

C 


250 


Figure  1,  Open  Hole  Specimen  Design. 
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Figure  2.  Loaded  Hole  Specimen  Design. 
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Figure  3.  4  and  8  Bolt  Joint  Specimen  Designs. 
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Midway  in  the  testing  program  an  8  B 
signed.  The  design  requirements  for 
exact  duplication  of  mating  surfaces 
area,  and  a  closer  duplication  of  fa 
These  requirements  were  added  after 
of  the  initial  phases  of  the  program 
fatigue  life  might  be  significantly 
of  clad  material  on  fretting  surface 
of  bolts  transferring  load. 


olt  Joint  specimen  was  de- 
this  specimen  included  the 
of  the  A-26A  critical  wing 
stener  size  and  spacing, 
analysis  of  the  test  results 
indicated  that  specimen 
influenced  by  the  presence 
S'  and  by  the  size  and  number 


All  aluminum  parts  designed  prior  to  the  8  Bolt  Joint  desiqn  were 
made  from  2014-T6  clad  aluminum  alloy  plate.  Steel  parts  were 
made  from  alloy  steel  plate,  AISI  4130  Condition  N ,  and  all  bolts 
were  aircraft  standard,  NAS  1303,  1304,  and  1305,  with  a  heat 
treat  of  160,000  psi  minimum  strength. 

The  8  Bolt  Joint  design  requires  bare  material  to  be  used  for  the 
specimen  and  clad  material  for  the  splice  plates.  This  duplicates 
the  combination  of  materials  used  on  the  critical  sections  of  the 
A-26A  wing  structure,  with  clad  plate  skin  panels  bolted  to  bare 
machined  spar  caps.  The  bolt  size  and  the  very  close  spacing  are 
typical  of  that  found  on  the  wing  spar  caps,  with  3/16  inch  screws 
prior  to  the  reaming  process  and  1/4  inch  after  the  process  has 
been  accomplished. 

Stress  concentration  factors  and  maximum  stresses  are  computed 
for  the  open  hole  specimen  designs.  These  values  are  taken  from 
Reference  (6).  For  symmetrically  located  holes, 

f  ,  D 

net  "  TUI  -  D ) t 


Kt  =  f 


max 


net 


Fmax  -  Kt  Fnet 


where  fnet  is  computed  from  dimensions  of  the  specimen  desiqns, 
and  Kt  is  taken  from  the  plot  of  Reference  (6),  page  84. 
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2.30 
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For  unsymmetr ica 1 ly  located  holes.  Reference  (6),  page  66,  Cross 
Area  Stress, 

P 

hit 


f  = 


maximum  Stress  at  the  Edge  of  the  Hole, 

f„ 


max 


max 


x  f 


where  p-ax-  and  Kj.  are  the  functions  of  E/D  and  -  1 . 
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U1 
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1 


.250 


E 

E/D 

D/C2EJ 

(w/E )-i 

^max/f 

Kt 

Vx/e 

467 

2.50 

.200 

1 .67 

3.14 

2.51 

10.07 
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2.00 

.250 

2.34 

3.21 

2.44 

10.30 
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1.50 

.333 

3.45 

3.38 

2.36 
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Prior  to  the  start  of  the  specimen  fatigue  testing,  qualifica¬ 
tion  tests  were  run  on  Loaded  Hole  and  4  Bolt  Joint  specimens, 
These  tests  consisted  of  applying  cyclic  loads  with  negative 
minimum  loads  (compression  loading)  to  verify  the  strength  and 
stability  of  the  loading  fixtures  and  specimen  combination. 

These  specimens  had  strain  gages  installed  so  that  the  individual 
bolt  loads  could  be  computed. 

From  the  strains  recorded  during  the  qualification  testing  the 
ratio  of  load  taken  by  the  steel  doubler  platBs  of  the  Loaded 
Hole  specimen  was  computed  as  ,2B4,  Because  of  the  closer  bolt 
spacing  and  wider  splice  plates  of  the  4  Bolt  Joint  specimens, 
it  was  not  possible  to  compute  a  set  of  loads  from  the  strain 
readings  of  the  Joint  specimens.  It  was  assumed,  after  an  in¬ 
vestigation  of  the  strain  readings,  and  noting  that  no  premature 
failures  occurred  in  the  splice  plates,  that  the  two  bolts 
transferring  load  from  one  piece  of  the  specimen  to  the  splice 
plates  were  equally  loaded.  This  assumption  was  also  used  for 
the  8  Bolt  Joint  specimen. 

The  ratio  of  bolt  bearing  stress  to  net  tension  stress! 


Loaded  Hole :  rbr  = 
^net 

4  Bolt  Joint:  = 

^net 


,284  x  1,00 

.250 


1.25  -  .25 

2  x  .25 


1.14 

2.00 


0  Bolt  Joint:  ^br 
fnet 


1.25  -(2  x  .187) 

4  x  ,187 


1  .17 


Specimens  were  fabricated  using  normal  aircraft  shop  procedures. 
The  location  and  drilling  of  bolt  holes  was  more  closely  con¬ 
trolled  than  would  normally  be  required  for  an  airplane  wing. 
This  was  necessary  to  insure  consistent  load  transfer  for  each 
bolt,  particularly  for  the  Loaded  Hole  specimens,  where  the 
doubler  plates  could  not  be  loaded  without  accurately  located 
holes.  One  set  of  4  Bolt  Joint  specimens  (test  41  (b))  was 
tested  with  the  standard  sheet  metal  diameter  of  ,253  inches  for 
a  1/4  inch  bolt.  The  test  results  were  unchanged  by  the  addi¬ 
tional  hole  tolerance  (Table  Li). 

Splice  and  doubler  plates  were  each  taken  from  one  sheet  of 
material,  as  were  the  ,125  inch  thick  specimens.  Four  sheets  of 
,250  inch  thickness  were  used,  three  clad  and  one  bare.  Of  the 
three  clad  sheets,  Loaded  Hole  and  Joint  specimens  were  made 
primarily  from  sheets  marked  red  and  blue,  while  the  Open  Hole 
specimens  were  mainly  from  the  sheet  marked  yellow,  with  some 
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additional  specimens  made  from  the  sheet  marked  blue 


Tensile  tests  were  run  from  samples  taken  from  all 
used  except  for  the  steel,  and  all  properties  were 
the  minimum  guaranteed.  (Reference  Table  l) 


the  sheets 
uiell  above 


Source  inspection  and  net  area  data  measurements  were  combined, 
as  each  critical  dimension  for  each  specimen  was  measured  and 
recorded  at  the  testing  laboratory. 
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TABLE  I 


Spec imen 
Number 

TABULATION 

OF  STATIC 

TENSILE 

PROPERTIES 

Elongati 

(per  cen 

Sheet  Coupon 
Ident,  Width 
(in.  ) 

Ultimate 
Stress 
(lb/ in? ) 

Yield 
Stress 
(lb/ in? ) 

Effective 
Length 
(in.  ) 

517 

Bare  1.25 

69,000 

64,000 

2.0 

15 

510 

68,000 

63,000 

16 

519 

69,000 

64,000 

15 

735 

Blue  1.25 

69,800 

65,000 

2.0 

16 

736 

69,000 

64,900 

15 

737 

69,500 

64,700 

16 

738 

69,900 

64,700 

17 

739 

69,200 

64,400 

18 

740 

69,000 

64,100 

16 

741 

69,500 

64,600 

18 

901 

.125  1.25 

69,700 

63,400 

2.0 

14 

902 

70,200 

63,500 

15 

903 

69,600 

62,800 

15 

59 

Yellow  .25 

66,500 

61,600 

1  .0 

12 

60 

68,200 

62,900 

13 

395 

67,600 

61 ,900 

14 

425 

68,000 

63,000 

14 

450 

67,200 

62,400 

14 

Q-4 

Red  .25 

67,600 

62,800 

1.0 

13 

562 

68,400 

63,000 

13 

721 

60,200 

62,700 

13 

Q- 

.25 

60,600 

62,700 

1.0 

13 

702 

60,400 

62,700 

13 

707 

68,700 

63,300 

13 

970 

Bare  .25 

68,200 

61 ,900 

1.0 

13 

993 

67,100 

60,400 

12 

966 

67,300 

61,500 

13 

966 

68,500 

63,400 

13 

Note  (l) 

Yield  Strength 

determined 

by  .2  per  cent  offset. 

Note  (2) 

Coupons  of  .25 

inch  width 

were  taken  from  failed  fat 

specimens . 

Note  (3) 

Material  properties  from 

MIL-HDBK 

-5A,  Reference  (12) 

Clad  Bare  Clad 

Plate  Plate  Sheet 


Ultimate  Stress,  ^tu*  psi 
Yield  Stress,  F^y,  psi 
Ultimate  Elongation,  e,  per  cent 


63,000  66,000  65,000 

50,000  60,000  58,000 

8  7  0 
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2 .  Testing  Procedure 


Krouse  direct  stress  fatigue  testing  machines  were  used  for 
specimen  fatigue  testing*  A  two-to-one  load  amplification 
mechanism  was  used  as  shown  in  Figure  4.  Maximum  load  capacity 
for  each  of  the  two  loading  stations  on  each  machine  is  5,000 
pounds  direct,  tension  or  compression,  and  10,000  pounds  at  the 
amplified  loading  station.  The  amplification  mechanism  was  de¬ 
signed  for  minimum  loads  greater  than  zero  ( tens i on- tens  ion ) .  A 
loading  fixture  for  tests  which  had  requirements  for  minimum 
loads  less  than  zero  (tension-compression)  was  designed  to  pro¬ 
vide  end  fixity,  or  compression  stability,  to  the  specimens  and 
was  loaded  by  both  stations  of  one  machine  simultaneously.  This 
provided  10,000  pound  capacity  for  either  tension  or  compression 

Loading  levels  were  set  and  monitored  by  use  of  an  Ellis  bridge- 
amplification  unit  coupled  with  a  Tektronix  oscilloscope.  Maxi¬ 
mum  and  minimum  loading  levels  were  set  as  shown  in  Figure  5. 
Cyclic  loads  were  then  monitored  by  observing  the  coincidence  of 
the  peaks  with  the  p re -set  values.  The  cyclic  loading  signal 
was  provided  by  a  load  cell  located  in  series  with  the  test 
specimen  with  an  electrical  circuit  connection  to  the  Ellis  unit 

Mean  load  was  maintained  automatically  as  permanent  deformation 
occurred  in  the  specimens.  Hydraulic  fluid  was  supplied  to  the 
mean  load  cylinder  upon  a  signal  from  a  limit  switch.  Limit 
switches  were  located  with  respect  to  the  loading  beam  of  the 
Krause  testing  machine  such  that  a  change  in  beam  bending  de¬ 
flection  due  to  reduced  loading  would  close  one  of  the  circuits. 

Normal  loading  rates  ranged  between  1,150  and  1,500  cycles  per 
minute*  Tests  with  relatively  high  loading  and  low  cycles  to 
failure  were  reduced  to  500  cycles  per  minute  for  improved  cycle 
recording  accuracy. 

The  temperature  increase  of  specimens  due  to  cyclic  loading  was 
less  than  ten  degrees  Fahrenheit. 

Specimen  loading  grips  are  shown  in  Figure  6.  The  center  bolt 
fits  into  the  .500  inch  diameter  hole  in  the  specimen,  while  the 
two  bolts  located  on  either  side  provide  additional  friction 
forces  between  the  grips  and  the  specimen. 
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Figure  4.  Krouse  Direct  Stress  Fatigue  Testing  Machine 

with  2:1  Load  Amplification  Mechanism  Installed. 
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Figure  6,  8  Bolt  Joint  Specimen  Installed  in  Grips. 


3 ,  Crack  Propagation  Rate  and  Residual  Strength 


Crack  detection  wires  were  used  to  determine  the  number  of  test 
cycles  producing  initial  crack.  The  relationship  between  initial 
crack  cycles  and  final  failure  cycles  was  evaluated  so  that  test 
results  based  upon  ultimate  failure  can  be  applied  to  analysis  of 
structures  where  initial  crack  is  the  significant  failure  cri¬ 
terion. 

Each  crack  detection  wire  consists  of  a  length  of  .004  inch  dia¬ 
meter  enamel  insulated  copper  wire.  This  wire  forms  a  portion 
of  a  relay  circuit,  designed  to  shut  off  power  to  the  fatigue 
machine  upon  failure  of  the  wire.  The  wire  is  cemented  across 
the  area  where  a  crack  is  expected  to  occur  so  that  a  crack  in 
the  structure  causes  a  failure  of  the  wire, 

A  number  in  excess  of  100  crack  wires  were  installed  on  open 
hole  specimens,  from  which  86  successful  readings  were  recorded. 
Of  these,  32  were  used  in  the  reaming  tests.  54  readings  were 
taken  for  the  purpose  of  comparing  initial  crack  to  final 
failure.  (Table  II) 

It  has  been  concluded  that  final  failure  results  are  adequate 
for  reporting  and  drawing  conclusions  for  the  specimen  testing 
program. 

52  of  the  54  initial  crack  cycles  measured  were  more  than  90  per 
cent  of  the  comparable  failure  cycles,  and  44  initial  crack 
cycles  were  greater  than  95  per  cent  of  the  failure  cycles. 
Initial  crack  cycles  is  the  number  of  load  application  cycles  at 
which  crack  uiire  failure  occurs.  The  crack  wire  is  located  1/16 
inch  from  the  edge  of  the  hole,  with  the  crack  propagating  to  a 
point  slightly  beyond  the  wire  before  producing  sufficient 
strain  in  the  wire  to  cause  fracture. 

The  crack  detection  wire  installation  consists  of  the  following 
procedures : 

(a)  The  surface  of  the  specimen  is  cleaned  and  a  coat  of 
air-drying  acetate  cement  is  applied  to  the  area  of 
the  wire  installation. 

(b)  The  wire  is  placed  in  position,  using  a  circular  tem¬ 
plate,  and  a  second  coat  of  cement  applied. 

(c)  The  ends  of  the  wires  are  stripped  and  soldered  to 
terminal  strips  which  provide  connecting  paints  for 
the  wiring  which  completes  the  circuit  from  the 
specimen  to  the  shut-off  relay. 
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TABULATION  OF  CYCLES  TO  INITIAL  CRACK 
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Crack  propagations  of  the  specimens  were  compared  to  the  data 
plotted  in  References  (4)  and  (S),  but  no  real  correlation  was 
noted.  The  basic  reason  for  this  is  that  the  specimens  are  too 
narrow  (1.25  inch)  to  produce  a  sufficient  number  of  cycles 
during  cracking  to  show  any  trend. 

The  method  of  Reference  (4),  based  on  test  results  of  7Q75-T6 
alloy,  indicates  that  for  maximum  stresses  greater  than  29,000 
psi,  the  residual  strength  is  exceeded  at  the  time  of  crack  wire 
failure.  In  every  case  the  2014-T6  specimens  withstood  at  least 
100  cycles  of  loading  between  crack  wire  failure  and  final 
failure . 


21 


4 .  Reporting  methods  and  Statistical  Analyses 


The  basic  data  requirement  of  this  testing  program  was  to  con¬ 
struct,  from  test  results,  a  series  of  S-N  curves  for  the  purpose 
of  evaluating  fatigue  life  improvement  processes.  The  initial 
series  of  tests  was  scheduled  for  developing  basic,  or  control 
data,  the  intermediate  phase  for  evaluating  the  best  processes 
for  fatigue  life  improvement,  and  the  final  phase  for  producing 
data  reflecting  the  improvements  gained. 

Each  test  consisted  of  evaluating  the  fatigue  life,  expressed  in 
number  of  load  application  cycles,  for  16  specimens.  four  load 
levels  were  selected  for  each  test  with  four  specimens  tested 
under  identical  conditions  at  each  load  level.  from  the  mean 
values  of  each  group  of  four  specimens,  four  points  were  plotted 
and  an  S-N  curve  drawn.  (Four  tests  for  each  point  unless  other¬ 
wise  indicated  on  the  curve.) 

Midway  in  the  testing  program,  the  requirements  were  modified 
and  certain  tests  were  changed  from  an  S-N  curve  requirement  to 
a  fatigue  life  versus  bolt  torque  requirement. 

An  S— N  curve  was  drawn  for  each  test  with  four  different  load 
levels,  based  on  ultimate  failure  of  the  specimens  (Appendix  III), 
and  fatigue  life  versus  bolt  torque  curves  were  drawn  from  the 
data  produced  in  the  constant  load  tests  with  the  addition  of 
individual  points  taken  from  the  variable  load  tests  (Figures 
1 5  through  18). 

The  data  from  each  test  is  included  in  Appendix  H.  The  logarithm 
(base  10)  of  each  specimen  failure  cycles  was  taken,  the  average 
for  each  group  of  four  computed,  and  the  anti-log  taken  and  re¬ 
corded  as  N  (log  mean).  The  sample  standard  deviation,  s,  in 
terms  of  log  cycles,  was  computed  for  each  group  of  four  speci¬ 
mens  as  follows: 

rSl(log  N-mean  log  N)^ 

s  =  - - -  (Reference  (8)  page  114) 


N  is  the  number  of  load  cycles  to  failure,  and  n  is  the  number  of 
individual  test  results  being  considered;  in  most  cases,  n  =  4. 

maximum  and  mean  loads  for  each  specimen  test  and  measured 
critical  dimensions  for  each  specimen  were  taken  from  the  labo¬ 
ratory  data.  Stresses  were  computed  for  each  set  of  four  speci¬ 
mens.  The  average  net  area  for  all  16  specimens  of  a  test  is 
shown  at  the  top  of  each  data  sheet  (Appendix  II). 

To  provide  a  systematic  method  for  plotting  S-N  curves,  the 
method  of  Weibull  (Reference  (7))  was  used.  Each  curve  was 
plotted  using  the  following  procedure: 
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(a)  The  endurance  limit  stress  was  estimated. 

(b)  A  plot  of  log  log  (TS  -  1T)/(S  -  "S)  versus  log  log  N 
was  made.  TS  is  the  ultimate  tensile  strengtjn  for  the 
material,  with  70,000  psi  used  in  all  cases,  S  is  the 
endurance  limit  stress,  and  S  is  the  maximum  cyclic 
stress  for  any  one  load  level. 

(c)  If  the  four  points  plotted  produce  a  net  curvature, 
then  a  new  endurance  limit  stress  is  selected  and  the 
points  replottBd. 

(d)  Upon  achieving  a  plot  of  four  points  with  no  net 
curvature,  a  straight  line  is  drawn  through  the  points. 
This  is  done  by  "eye",  approximating  a  least  squares 
fit  between  the  line  and  the  four  points. 

(e)  S  is  plotted  versus  N  on  semi-log  paper  using  the 
values_taken  from  the  straight  line  on  the  log  log 
(TS  -  S)/(S  -  S)  versus  lq£  log  N  plot.  A  typical 
plot  of  log  (TS  -  ?)/(S  -  S)  versus  log  N  drawn  on  a 
log  grid  is  shown  in  Figure  7. 

Three  probability  plots  were  constructed,  Figures  S,  9,  and  20, 
to  show  statistically  the  effect  of  using  N(log  mean)  for  taking 
the  average  of  cycles  to  failure  data  (Reference  (8)  page  118). 

If  the  log  IM  distribution  is  statistically  valid,  a  plot  of  log 
N  versus  probability  of  failure  will  produce  a  straight  line  on 
probability  paper,  or  a  bell  shaped,  Normal,  or  Gaussian  curve 
when  plotted  on  coordinate  graph  paper.  Because  of  the  symmetry 
of  the  normal  distribution,  the  mean  and  median  coincide  if  the 
distribution  is  truly  normal. 

A  composite  set  of  data  was  compiled  from  tests  2,  5,  6,  9,  and 
0.  The  geometrical  variations  of  the  specimens  used  in  these 
tests  were  minor,  with  the  fatigue  life  as  a  function  of  net 
stress  being  reasonably  consistent.  Minor  variations  in  maximum 
stresses  at  each  load  level  were  normalized  by  applying  a  factor 
to  the  fatigue  life  as  derived  from  the  S-N  curve  for  test  2 
(Figure  32), 

The  highest  load  level,  3B,0D0  psi  maximum  cyclic  stress,  was 
plotted  as  a  comparison  for  data  taken  from  peened  specimens, 
Figure  2D,  while  the  next  lower  load  levels,  with  maximum 
stresses  of  33,000  psi  and  28,900  psi,  Figures  8  and  9,  were 
plotted  as  a  check  on  the  distribution  only. 

In  all  three  cases,  the  mean  values  are  higher  than  the  median 
values.  The  second  load  level  (Figure  Q)  data  was  relatively 
normal  along  with  the  data  for  peening  (Figure  20).  The  highest 
and  third  highest  loadings  (Figures  20  and  9)  produced  plots 
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Per  Cent  Failure  versus  Log  N  for 
Tests  2,  5,  8.  9,  and  8.  Second  Load 
Level,  Maximum  Stress,  33,000  lh/in^. 
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Figure  9.  Per  Cent  Failure  versus  log  N  for  Tests 
2,  S,  6,  9,  and  9.  Third  Load  Level, 
maximum  Stress,  28,900  lb/in^. 


uuith  a  definite  curvature,  negative  second  derivative,  with  the 
mean  values  somewhat  higher  than  the  median  values.  A  shift  in 
one  or  tuio  data  points  in  the  area  of  50  per  cent  failure  would 
shift  the  median  somewhat;  however,  the  curvature  is  quite  pro¬ 
nounced  and  would  not  disappear  completely  due  to  a  shift  in  the 
median  data.  An  investigation  of  these  distributions  indicates 
that  log  log  N  would  plot  more  closely  to  a  normal  distribution 
than  log  N.  Because  only  20  points  were  used  for  each  plot,  and 
these  were  taken  from  several  different  tests,  the  evidence  is 
not  conclusive  and  the  log  N  distribution,  being  the  most  widely 
accepted  method  for  reporting  fatigue  failure  cycles,  has  been 
used  in  this  report. 
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5 .  Chronology  of  the  Program 


The  original  testing  program  requirements  consisted  basically  of 
three  phases.  The  first  phase  consisted  of  a  series  of  control, 
or  basic  S-N  curve,  tests  for  different  specimen  configurations. 
The  second  phase  was  to  be  exploratory,  or  a  process  optimiza¬ 
tion  program;  while  the  final  phase  was  to  be  a  duplication  of 
the  first  phase  except  that  the  processes  optimized  in  the  second 
phase  would  be  included. 

The  first  phase  and  approximately  50  per  cent  of  the  second  phase 
were  completed  as  scheduled,  Midway  into  the  second  phase, 
serious  doubts  were  raised  as  to  the  feasibility  of  optimizing 
the  processes  within  the  confines  of  the  existing  testing  sched¬ 
ule.  The  following  problems  were  evident  at  this  point: 

(a)  While  both  of  the  required  reaming  processes  were 
evaluated  as  scheduled  for  the  Open  Hole  tests,  Loaded 
Hole  and  4  Bolt  Joint  tests  with  these  processes 
applied  produced  a  wide  range  of  results, 

(b)  A  test  of  peened  Open  Hole  specimens  did  not  produce 
any  increase  in  fatigue  life. 

(c)  Tests  of  peened  Loaded  Hole  and  4  Bolt  Joint  specimens 
produced  inconsistent  results,  with  some  specimen 
tests  indicating  no  improvement  and  the  remaining 
tests  indicating  significant  improvement. 

(d)  4  Bolt  Joint  specimens  were  severely  pitted  in  the 
surface  area  adjacent  to  the  holes,  with  some  in¬ 
stances  of  splice  plates  and  specimens  being  welded 
together  at  points  just  fore  and  aft  of  a  bolt  hole 
(Figures  10  and  11).  This  condition  was  evident  at 
the  time  of  disassembly  for  reaming,  after  initial 
load  cycling  had  been  applied. 

It  was  concluded  that  in  order  to  evaluate  the  effects  of 
reaming  and  peening  and  to  produce  meaningful  results,  the 
effects  of  surface  friction  and  bolt  preloads  would  have  to  be 
evaluated.  Also,  it  was  concluded  that  variations  in  the 
peening  process  should  be  investigated  in  an  effort  to  find  a 
system  that  would  produce  an  improvement  in  fatigue  life. 

Subsequently,  the  remainder  of  the  testing  schedule  was  changed 
as  follows: 

(a)  Additional  Open  Hole  specimens  were  scheduled  for 

various  methods  of  peening  prior  to  fatigue  testing. 
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Figure  11.  Failed  4  Bolt  Joint  Specimen  and  Splice  Plate 
Welded  Together  Due  to  Fretting. 


(b)  Loaded  Hole  and  4  Bolt  Joint  specimens  were  scheduled 
for  constant  load  tests  utith  variation  in  bolt  preload. 
These  tests  included  reaming,  peening,  and  combinations 
of  both,  as  well  as  basic  fatigue  testing. 

(c)  A  new  joint  specimen  was  designed.  The  possibility 
that  surface  material  and  bolt  preloads  could  exert  a 
strong  influence  upon  fatigue  life  made  it  desirable 
to  test  a  specimen  which  duplicated  the  conditions  of 
the  critical  sections  of  the  A-26A  wing  even  more 
closely  than  the  original  Loaded  Hole  and  4  Bolt  Joint 
designs . 

(d)  Since  the  conclusions  as  to  the  effect  of  reaming  on 
an  Open  Hole  specimen  were  well  established,  it  was 
decided  to  test  only  two  additional  sets  of  Open  Hole 
specimens  with  the  reaming  process  applied.  These 
specimens  had  small  hole  edge  distance,  and  two  reaming 
processes  were  applied  during  testing. 

The  remaining  portion  of  the  testing  was  completed  essentially  as 
rescheduled.  The  peening  process  was  investigated  and  it  was 
concluded  that  no  significant  increase  in  fatigue  life  could  be 
attributed  to  peening. 

The  effects  of  bolt  preload  and  surface  material  were  isolated. 

The  effect  of  the  preload  was  found  to  be  the  significant  factor 
for  producing  large  variations  in  fatigue  life.  Plots  were  made 
of  fatigue  life  versus  bolt  torque  for  unprocessed  specimens,  and 
for  specimens  which  had  peening  and  reaming  processes  applied. 

Once  the  effect  of  bolt  preload  was  evaluated,  it  was  possible  to 
explain  the  variations  in  the  original  tests  of  peened  Loaded 
Hole  and  4  Bolt  Joint  specimens.  It  was  concluded  that  because 
these  specimens  had  been  assembled  after  the  peening  had  been 
applied  and  no  bolt  torque  measurement  was  made,  the  variation  in 
life  was  due  to  variation  in  bolt  preload  rather  than  the  influ¬ 
ence  of  the  peening  process. 

The  effect  of  the  reaming  process  was  evaluated  after  conclusions 
had  been  made  concerning  the  bolt  preload  effects.  This  evalua¬ 
tion  was  reasonably  conclusive  despite  some  areas  where  analytical 
evaluations  became  somewhat  indeterminate  because  of  the  large  in¬ 
crease  in  fatigue  life  due  to  the  effects  of  bolt  preload. 

6 .  Problem  Areas 


Two  basic  problem  areas  were  encountered  in  the  process  of 
scheduling  and  evaluating  the  fatigue  testing  program.  One  of 
these  was  the  evaluation  of  the  effect  of  reducing  fatigue  damage 
around  a  hole  by  removing  material  (reaming  process),  and  the 
other  was  the  variations  of  specimen  fatigue  test  results  en¬ 
countered  when  the  testing  was  done  during  different  time  periods. 
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The  problem  of  making  a  quantitative  evaluation  of  the  effect  of 
the  reaming  process  is  basically  the  result  of  the  uncertainties 
inherent  in  fatigue  testing  in  general.  There  being  no  way  of 
determining  what  the  life  of  a  specimen  would  be  had  it  not  been 
reamed,  it  was  necessary  to  use  average  data  for  making  compari¬ 
sons,  The  evaluation  of  the  Open  Hole  reaming  tests  did  not  pre¬ 
sent  any  unexpected  difficulties,  but  the  Loaded  Hols  and  Joint 
specimen  tests  proved  to  be  somewhat  more  difficult  to  evaluate. 

The  increase  in  life  due  to  the  installation  of  larger  bolts 
during  the  reaming  processes  applied  to  Open  Hole  and  4  Bolt 
Joint  specimens  was  so  pronounced  as  to  make  the  evaluation  of 
the  reaming  process  almost  indeterminate.  In  addition,  these 
specimen  tests  did  not  always  produce  S-N  curves  of  the  classic 
shape  as  did  the  Open  Hole  specimens.  On  occasion,  a  middle 
stress  range  test  would  produce  a  relatively  long  average  life, 
which  tends  to  make  the  S-N  curve  approach  a  straight  line. 

The  reaming  process  for  initial  damage  values  of  greater  than 
60  per  cent  of  failure  had  to  be  evaluated  mainly  by  deduction, 
as  the  number  of  failures  or  incipient  cracking  occurring  after 
60  per  cent  of  average  life  reduced  the  number  of  successful 
tests  to  the  extent  that  explicit  evaluations  were  not  possible. 

The  basic  total  effect  of  the  reaming  process  is,  however,  quite 
pronounced.  The  areas  where  the  combination  of  reaming  and  bolt 
sire  produce  definite  improvements  in  fatigue  life  have  been 
defined  and  specific  confirmation  of  the  process  for  the  A-26A 
airplane  has  been  achieved  by  virtue  of  the  6  Bolt  Joint  tests. 

Some  problems  were  encountered  in  producing  consistent  test 
results  over  a  period  of  time,  although  not  to  an  extent  that 
would  alter  the  test  results.  Occasionally,  identical  specimen 
tests  run  during  a  given  time  period  would  produce  consistent 
results,  but  of  a  considerably  different  magnitude  from  compa¬ 
rable  tests  run  during  a  different  period  of  time.  The  causes 
of  these  discrepancies  could  be  the  subject  of  further  investi¬ 
gation  . 

This  effect  was  not  evident  in  the  A-26A  wing  fatigue  testing, 
where  three  different  wings  were  used  (two  lefts  and  one  right) 
and  the  failures  were  quite  consistent.  The  wing  test  was  run 
over  a  time  period  of  several  months  and  ambiBnt  effects  such  as 
temperature  and  humidity  averaged  out  over  the  period.  Also,  it 
is  possible  that  mixed  load  cycle  testing  is  more  consistent 
than  single  load  level  testing. 


32 


AB  CDEFGHI 
A  =  100$  Life  Ref. 

B  =  Open  Hole  Reaming,  .03  in.,  25-66$  Basic  Life. 

C  =  Open  Hole  Reaming,  .06  in.,  25-66$  Basic  Life. 

D  =  Loaded  Hole  Reaming,  .03  in.,  50$  Basic  Life. 

E  =  Loaded  Hole  Reaming,  .06  in.,  50$  Basic  Life. 

F  =  4  Bolt  Joint  Reaming,  .03  in.,  50$  Basic  Life. 

G  =  4  Bolt  Joint  Reaming,  .06  in.,  50$  Basic  Life. 

H  =  8  Bolt  Joint  Reaming,  .06  in.,  50$  Basic  Life,  Peened. 

1=8  Bolt  Joint  Reaming,  .06  in.,  50$  Basic  Life,  Peened, 

Mixed  Loading  Cycles. 


Mote :  All  the  bars  extending  above  the  dashed  line  are 

considered  to  be  properly  zero-timed. 

Figure  12.  Comparison  of  Fatigue  Life  Ratios  of  Different 

Specimen  Designs  and  Different  Reaming  Processes. 
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7 .  Reaming 


a .  General 

The  reaming  process  as  used  for  the  purpose  of  gaining  addi¬ 
tional  fatigue  life  for  a  structural  member  consists  of  reaming 
an  existing  hole  to  a  slightly  larger  diameter.  The  dimension 
used  to  define  the  process  is  the  difference  in  inches  between 
the  original  hole  diameter  and  the  hole  diameter  produced  by  the 
reaming  process.  In  the  specimen  testing  program,  two  such 
differential  dimensions  are  used,  referred  to  as  .03  inch  ream, 
and  .06  inch  ream. 

These  ream  sizes  are  used  because  of  the  bolt  diameters  avail¬ 
able;  the  .03  inch  ream  coincides  with  a  1/32  inch  oversize  bolt, 
which  has  the  same  head,  thread,  and  nut  as  the  smaller  nominal 
size,  and  the  .06  inch  ream  for  the  next  nominal  size  of  bolt  and 
nut . 

These  two  reaming  processes  were  used  on  the  A-26A  wing  during 
the  cyclic  test  program,  and  subsequently  applied  to  the  A-26A 
service  airplanes  as  modification  requirements. 

Two  modifications  were  designed  and  installed  on  the  A-26A  fleet 
aircraft  as  a  result  of  information  gained  from  the  wing  cyclic 
test  program.  After  these  modifications  were  installed,  all  the 
screw  holes  in  critical  areas  of  the  wing  were  enlarged  .06  inch 
and  larger  standard  diameter  bolts  were  installed. 

b .  Open  Holes 

The  test  results  for  specimens  with  reamed  open  holes  are  sum¬ 
marized  in  Tables  III  and  IV.  The  damage  reduction  factors  have 
been  summarized  and  plotted  in  Figure  13.  The  fatigue  life 
ratios  are  summarized  in  bar  chart  form  in  Figure  12. 

Figure  14  shows  the  fatigue  damage  accumulation  versus  distance 
from  the  edge  of  a  hole  where  a  given  number  of  stress  cycles 
have  been  applied.  This  is  a  cross  plot  of  data  taken  from 
Figure  13.  The  purpose  of  the  reaming  process  is  to  remove 
material  near  the  edge  of  the  hole  and  leave  only  relatively  low 
damage  in  the  remaining  material. 

The  damage  reduction  factor,  AD/D0,  is  the  ratio  of  damage  re¬ 
moved  to  the  damage  that  existed  before  reaming.  The  damage  that 
remains  after  reaming  is  equal  to  the  original  damage,  D0,  multi¬ 
plied  by  the  quantity,  (1-Ad/do).  If AD/Dg  is  1.00,  the  material 
is  completely  zero-timed,  or  all  damage  removed. 

The  damage  reduction  factors  plotted  in  Figure  13  are  derived 
from  the  data  of  Tables  III  and  IV,  and  also  from  investigating 
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.925 


.06  INCH  REAM 


.03  INCH  REAM 


Figure  13.  Open  Hole  Damage  Reduction  Factor  versus 

Existing  Damage  for  Two  Reaming  Processes. 


DAMAGE 

ACCUMULATION 

PER  CENT 


(.03  IN.  (.06  IN. 
REAM)  REAM ) 


DISTANCE  FROM  EDGE  OF  HOLE  -  IN. 


Figure  14.  Fatigue  Damage  Accumulation  versus 
Distance  From  Edge  of  Open  Hole. 


37 


individual  specimen  test  results  from  a  number  of  tests.  Because 
of  the  scatter  inherent  in  any  series  of  fatigue  tests,  and  be¬ 
cause  it  is  impossible  to  prove  explicitly  the  conditions  that 
exist  when  fatigue  cycling  approaches  the  initial  crack,  or  100 
per  cent  damage,  the  curve  is  drawn  in  a  simplified  form,  and 
believed  to  be  somewhat  conservative  for  most  values  of  existing 
damage.  Reduction  factors  taken  from  this  plot  were  applied  to 
each  individual  test  for  the  double  ream  tests,  test  numbers  50 
and  40  (Tables  XXVII  and  XXIX).  An  iteration  process  was  used  to 
solve  for  the  basic  fatigue  life  for  each  specimen.  Basic 
fatigue  life  is  the  number  of  cycles  to  failure  that  would  have 
been  realized  if  the  specimen  had  not  been  reamed.  In  all  cases 
the  results  were  reasonable  and  consistent. 

The  damage  reduction  factors  are  based  upon  the  following  con¬ 
siderations  : 

(a)  The  .06  inch  ream  was  generally  quite  successful  for 
zero-timing.  A  .9  damage  reduction  factor  for  existing 
damage  up  to  75  per  cent  is  in  most  cases  conservative. 

(b)  The  .03  inch  ream  produced  good  results  in  most  cases, 
but  was  definitely  not  as  consistent  as  the  .06  inch 
ream.  A  damage  reduction  factor  of  .7  is  the  average 
for  the  open  hole  reaming  tests  and  is  the  number  de¬ 
rived  from  the  A-26A  wing  cyclic  test.  (Reference  (l)) 

(c)  The  selection  of  75  per  cent  existing  damage  for  the 
change  of  slope  is  arbitrary  and  the  reduction  values 
for  this  area  may  be  somewhat  unconservative.  While 
the  validity  of  the  reduction  factors  from  zero  to  60 
per  cent  existing  damage  is  reasonably  well  substanti¬ 
ated  by  test,  the  area  from  60  per  cent  to  100  per  cent 
existing  damage  is  difficult  to  prove  by  test  because 
of  the  high  probability  of  failure  before  the  reaming 
is  applied,  A  more  exact  definition  of  this  area  is 
beyond  the  scope  of  this  program, 

c .  Loaded  Holes  and  Joints 

The  damage  lines  of  Figure  14,  and  the  damage  reduction  factors 
of  Figure  13  apply  to  loaded  holes  and  joints  in  a  general  way. 
Evaluation  of  fatigue  life  for  parts  in  which  critical  holes  are 
subject  to  bearing  stresses  and  also  to  the  effects  of  splice  or 
doubler  plates  on  the  surfaces  adjacent  to  the  holes  is  much  more 
complicated  than  for  open  holes.  For  this  reason  the  damage  re¬ 
duction  factors  generally  cannot  be  applied  to  loaded  holes  with 
the  same  confidence  as  applied  to  open  holes. 


38 


Damage  reduction  factors  for  a  .03  inch  ream  must  be  used  with 
care.  Reasonably  good  correlation  for  a  damage  reduction  factor 
of  .7  has  been  made  for  Loaded  Hole  specimens  and  for  the  A-26A 
wing  fatigue  test  results.  The  4  Bolt  Joint  specimen  tests  did 
not  show  any  damage  reduction  due  to  this  process.  The  lack  of 
damage  reduction  due  to  a  .03  inch  ream  applied  to  the  4  Bolt 
Joint  specimen  may  be  due  to  high  bearing  stresses,  or  to  the 
friction  or  fretting  effects  of  mating  clad  surfaces.  A  more 
detailed  evaluation  of  these  effects  is  beyond  the  scope  of  this 
program . 

The  damage  reduction  factor  of  .9  for  a  .06  inch  ream  is  sub¬ 
stantiated  for  both  Loaded  Hole  and  Joint  specimen  tests  (Tables 
V  and  VII).  Damage  reduction  values  are  difficult  to  determine 
accurately  for  .06  inch  reams  because  the  fatigue  life  is  greatly 
increased  by  the  preload  of  the  larger  bolts  installed.  The 
cycles  run  prior  to  reaming  were  a  small  fraction  of  the  total, 
so  that  small  per  cent  variations  in  total  cycles  produced  large 
variations  in  damage  reduction  values. 

Two  specific  test  results  should  be  explained! 

(a)  The  failure  cycles  for  Loaded  Hole  specimens  reamed  at 
50  per  cent  life  and  with  70  inch-pounds  torque  is 
taken  as  100,000  cycles.  The  test  results  include  two 
specimens  that  failed  between  30,000  and  40,000  cycles 
(Table  XXXIX),  and  are  considered  to  be  not  typical  by 
comparison  with  other  data.  The  1.00  damage  reduction 
factor  for  this  point  is  assumed,  and  is  not  substanti¬ 
ated  rigorously  by  test. 

(b)  The  failure  cycles  for  the  4  Bolt  Joint  specimen  at  70 
inch-pounds  torque  (Figure  17),  is  taken  as  102.700 
cycles.  Two  specimen  tests  of  test  number  43(d)  had 
results  that  are  considered  untypically  high,  160,000 
and  347,900  cycles  (Table  LIl).  These  were  ignored  in 
the  plot  of  fatigue  life  versus  bolt  torque  and  the 
average  of  the  remaining  two  tests  plotted.  The  damage 
reduction  of  the  second  column  of  Table  VII  is  not  ex¬ 
plicit,  but  is  based  on  the  above  assumption. 

d .  Bolt  Preload  Variation 

An  evaluation  of  bolt  preload,  measured  as  nut  tightening  torque, 
was  necessary  in  the  course  of  determining  damage  reduction  fac¬ 
tors  due  to  reaming.  A  .06  inch  ream  in  a  Loaded  Hole  or  Joint 
specimen  necessitates  the  installation  of  larger  bolts.  Testing 
with  these  bolts  produced  fatiguB  lives  in  the  order  of  three 
times  the  basic  values.  It  thus  became  necessary  to  test  speci¬ 
mens  with  the  larger  bolts  without  the  reaming  process  in  order 
to  evaluate  the  effect  of  reaming  as  such. 
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DAMAGE  REDUCTION  FACTORS  FOR  ,Q3  INCH  REAM 
4  BOLT  JOINT  SPECIMENS 


o 

o 

CD 

o 

a 

CO 

o 

o 

CO 

u 

O 

O  CO 

i_n 

a 

to  to 

QN 

CO 

a 

CO 

O  t- 

CO 

a 

•TO- 

ch 

- 

CO 

T— 

CM 

CM 

* 

CM 

to 

to 

CM 

CM 

*— 

o 

o 

- — ^ 

o 

o 

a 

CD 

o 

o 

to 

a 

□ 

o 

CO 

o  o 

m 

O- 

T— 

co 

o 

<T 

□ 

CO 

i_n 

CM 

Ch 

» 

T- 

in 

CO 

* 

CO 

CM 

t— 

o 

O 

Q 

a 

O 

r^ 

t— 

o 

O 

CO 

u 

Q 

o  CO  CM 

o 

O 

CM 

co 

O 

<T 

O  t—  i— 

in 

* 

CM 

U1 

CM 

o> 

CO 

*— 

CO 

CM 

CD 

LJ 

K— H 

Li_ 

T- 

a 

o 

*- — * 

o 

Q 

O 

Ch 

co 

a 

CO 

u 

a 

CD  tO 

Ul 

O 

to 

Ch 

D 

O 

<(— 

CO  t~ 

CO 

to 

*-  CO 

i_n 

* 

co 

r- 

m 

CM 

to 

o 

O 

CD 

o 

o 

Ch 

CD 

O 

CO 

u 

O 

a  co 

til 

CD 

to  U1 

tD 

CO 

a 

"w/ 

vO 

O  t- 

CO 

O 

Ch 

O 

Ch 

• 

*— 

o 

CD 

• 

CM 

CM 

to 

CM 

CM 

o 

O 

^-N 

o 

a 

a 

t— 

a 

a 

to 

_a 

O 

a 

to 

LD 

Q 

co 

CO 

a\ 

cn 

O 

o 

o 

*— 

CO 

a 

r- 

Ch 

in 

» 

CD 

o 

• 

tn 

to 

CM 

CM 

vD 

VO 

o- 

O' 

ca 

UJ 

—1 

OP 

«=T 

J— 

<" — 

/ — 

CO 

UJ 

CO 

0 

CO 

CD 

u 

o 

CO 

CD 

cr 

\ 

LD 

to 

LD 

a 

h- 

LD 

□ 

UJ 

1 — i 

UJ 

cr 

u_ 

ZD 

U 

1— 

uj 

L3 

UJ 

a 

UJ 

m 

tn 

L_ 

cr 

U 

H 

cr 

• 

4 

* 

CD 

f-H 

• 

h- 

tH 

O 

£ 

_f 

o 

h- 

_J 

a 

<r 

— i 

£ 

id 

cr 

i— » 

*=C 

» 

£ 

LJ 

CJ 

C£ 

UJ 

1— 

M 

1— t 

1— 

f— 1 

*- 

UJ 

U 

X 

cc 

to 

X 

U1 

Ul 

tn 

tn 

u_ 

1 

1 

Ld 

UJ 

cc 

<C 

UJ 

b-i 

UJ 

y-A 

Z 

cr 

1— 

H 

m 

\— 

L_ 

CD 

i— 

_l 

r- 

CM 

CO 

<T 

in 

ID 

r- 

CO 

ch 

o 

C 


O 

tn 

in 

to 

M 

1  O 

CD 

T— 

to 

Ch  i 

TD  O 

n— 

1  t- 

ID 

to 

<T 

CM 

CD  ta- 

in 

O 

3 

T— 

c  m 

O 

O  CD 
*-t  D 

u 

CD  *-» 

m, 

u  © 

*  o 

o 

CD 

o 

O- 

OJ 

1  o 

tn 

LD 

vD 

U 

i  to 

T— 

CD 

SJ 

o 

o 

^  tu 

CM 

* 

m 

* 

m  * 

4J  r- 

*"*  o 

cn 

u  o 

CD  3 

*1—1  -H 

-p  □ 

CO  -P 

u 

TO  TO 

a 

CM 

co 

o 

CD 

XI  u 

i  a 

CO 

to 

vD 

n  c  * 

i 

CD 

t— 

CM 

to 

-P  ^  o 

m  g) 

in 

JC 

t- 

—i 

M  TD  -P 

cn 

O  CD  3  ^ 

i— i 

u  a  o 

CJ 

C  M  TD  P 

i— i 

mm  co 

CO 

o 

T~“ 

cn 

CO 

^1 

-P  P  C  TO  -P 

C3 

CO 

r- 

CM 

<T 

CD 

Q}  (B  'H  CJ 

cn 

cn 

CM 

n- 

in  o 

a  uj 

TO  U-  -  CD 

* 

T~ 

* 

* 

• 

r  o)  n  wu 

m  p  m  q) 


a 

C 

TO 

c 

D 

o 

-P 

CD 

QJ 

X 

■  r-4 

TO 

> 

P 

u 

-P 

o 

o 

a 

o 

a 

n 

u 

TO 

u 

o 

<T 

to 

cn 

CO 

vD 

D 

ti¬ 

E 

D 

co 

in 

O’ 

o 

CD 

O 

Q) 

O 

er 

TO 

XD 

CD 

* 

- 

* 

• 

* 

X 

p 

TO 

TO 

t- 

r> 

TO 

P 

P 

X 

cn 

e 

-P 

TO 

cn 

TO 

o 

* — i 

•■p^d 

cn 

M 

E 

S3 

TO 

o 

o 

o 

CM 

u 

O 

TO 

c 

E 

o 

CD 

o 

to 

P 

r> 

TO 

o 

VO 

LD 

o 

a 

O 

u 

TO 

TJ 

* 

* 

* 

F  Q) 

n 

P 

CM 

c 

c 

TO 

cn 

to  CD  (D  r  »H 


f^-1  Q)  +1  tU  -CO 

p  >  ^  it- 
\  TO  U)  (i\ 


0 

1 

a 

CD 
i— l 

1— 

to 

X  O  * 

B  -P  Q  O 

O 

\ 

0 

1— 

LJ 

P 

E 

-  jj 

a 

i— i 

0 

0 

<C 

cr 

ID 

a 

Ld 

CM 

P 

o 

a  \Q  ro 

p  p 

tin. 

i— 

\ 

z 

cr 

t- 

li¬ 

3  C 

o; 

0 

CD 

a 

c 

O  □ 

cr 

o 

#— 1 

> — H 

Ld 

TO 

en 

TO 

P  *P  * 

0 

1 — I 

1 — 

K 

LJ 

3 

TO 

r>  xi 

UJ 

1— 

LJ 

LJ 

o 

□ 

TO 

*  CJ  ^ 

L_ 

UJ 

ZD 

n 

£ 

P  *~i 

jJ 

TO  D 

n 

1 

or 

a 

LD 

O 

Q 

cc 

TO 

CPU  3 

□ 

cr 

Ul 

UJ 

Q 

c 

TO 

TO  TO  O 

Ld 

cr 

cr 

P 

E  P  P 

Ul 

L_ 

i 

UJ 

TO 

TO 

LD 

o 

LJ 

UJ 

LD 

cn 

* 

TD  TO  * 

h“ 

_l 

a 

CJ 

ID 

ct 

Q) 

Ch 

CD  a 

DC 

Ld 

a 

e: 

cr 

<=£ 

IX 

D 

E  TO  Q 

UJ 

h» 

a 

£ 

£ 

LJ 

■ — 1 

3 

3 

TO  E 

> 

1 

UJ 

* 

LJ 

cr 

> 

** 

TO 

□ 

□ 

TO  TO  O 

«=r 

i— 

cr 

Q 

Q 

cr 

in 

P 

pito+j 

UJ 

l — 

CM 

to 

’tJ 

Ul 

VD 

r- 

co 

a\ 

a 

t- 

CM  CO 

t- 

T-* 

t— 

T*“ 

41 


DAMAGE  REDUCTION  FACTORS  FOR  .06  INCH  RE Affl 
4  BOLT  JOINT  SPECIMENS 
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The  results  of  the  bolt  preload  evaluation  are  plotted  in  Figures 
15  through  18.  The  basic  variation  of  fatigue  life  as  a  function 
of  bolt  torque  for  Loaded  Hole  specimens  is  shown  as  the  solid 
line  of  Figure  15.  The  torque  values  from  zero  to  35  inch-pounds 
were  taken  from  specimens  with  1/4  inch  diameter  bolts  installed, 
consistent  with  the  original  specimen  design.  A  bolt  torque  of 
35  inch-pounds  is  the  standard  value  used  for  shear  applications. 
The  data  for  45  inch-pounds  and  70  inch-pounds  were  from  specimens 
with  the  larger  5/16  inch  diameter  bolts  installed,  with  70  inch- 
pounds  being  the  standard  value  for  this  attachment  size  (Reference 
13). 

The  dashed  line.  Figure  15,  is  for  comparable  test  results  with 
peened  specimens.  The  one  point  which  indicates  a  significant 
increase  in  fatigue  life  is  the  result  of  specimens  tested  with 
l/4  inch  diameter  bolts  installed  without  measured  torque.  Two 
sets  of  specimens  were  tested  with  graphite  grease  (anti-seize 
compound)  applied  between  the  doubler  plates  and  the  specimens  as 
a  variation  of  friction  between  the  plates.  In  similar  tests  of 
other  specimens,  the  greased  specimen  test  results  were  unchanged 
from  the  dry.  It  is  assumed,  therefore,  that  the  fatigue  life 
shown  for  25  inch-pounds  torque  is  due  to  a  higher  bolt  preload 
as  a  result  of  greased  threads  as  compared  to  dry  threads. 

The  effect  of  reaming  Loaded  Hole  specimens  at  13,500  cycles  is 
included  in  the  fatigue  life  versus  bolt  torque  plot  of  Figure 
16. 

The  plots  of  results  of  4  Bolt  Joint  specimens.  Figure  17,  are 
similar  to  those  for  the  Loaded  Hole  specimens.  These  specimens 
are  subject  to  high  bearing  stresses  and  have  mating  clad  surfaces 
which  become  pitted  when  subjected  to  fretting  (Figure  10).  The 
increase  in  fatigue  life  once  the  standard  35  inch-pounds  torque 
for  the  1/4  inch  diameter  bolt  was  exceeded,  was  so  spectacular 
that  it  was  not  feasible  to  fair  the  curve  in  that  area.  Hence, 
that  effect  is  shown  as  a  discontinuity  of  slope  at  the  35  inch- 
pounds  torque  value.  5/16  inch  diameter  bolts  were  installed  for 
tests  with  torque  values  greater  than  35  inch-pounds,  except  for 
the  peened  specimens  with  the  torque  not  measured,  and  as  noted 
for  zero  torque  data. 

The  effect  of  reaming  the  4  Bolt  Joint  specimens  at  9,800  cycles 
is  shown  in  Figure  18.  The  solid  line  represents  the  results  of 
using  a  .03  inch  ream  up  to  35  inch-pounds  torque,  and  a  .06  inch 
ream  beyond  that  value.  Two  individual  points  are  plotted  for 
the  results  of  a  .06  inch  ream  at  abnormally  low  torque  values. 

Two  paints  are  plotted  for  the  results  of  specimen  tests  which 
included  peening  after  the  reaming  at  9,800  cycles. 
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Fatigue  life  versus  bolt  torque  data  are  plotted  in  a  more 
generalized  form  in  Figure  19.  Fatigue  life  data  from  the 
different  specimen  tests  mere  adjusted  to  be  consistent  with  a 
maximum  stress  of  34,000  psi,  and  maintaining  a  mean  stress  of 
20,000  psi.  A  dimensionless  bolt  preload  C,  was  derived  as  an 
expression  of  the  ratio  between  preload  and  shear  loads  trans¬ 
ferred  by  the  bolt. 

The  dimensionless  torque  variable,  C,  is  a  ratio  of  a  factor 
which  is  proportional  to  bolt  preload,  T/D,  to  the  ultimate 
tensile  strength  of  the  part,  or  specimen,  divided  by  the  number 
of  bolts,  Ftu  x  Anet/B. 

T  B 

D  Ftu  Anet 

where:  T  is  nut  tightening  torque,  inch-pounds, 

B  is  number  of  bolts  carrying  the  applied  load, 

D  is  nominal  bolt  diameter,  inches, 

F^u  is  ultimate  failure  stress  for  the  material, 

Anet  is  the  minimum  net  area  subject  to  the  applied 
tension  loading. 

The  basic  plots  (Figure  19),  of  Loaded  Hole  and  4  Bolt  Joint 
specimen  results  are  taken  from  Figures  15  and  17,  and  are  well 
defined.  The  results  for  peened  specimens  are  defined  to  a 
limited  extent.  These  curves  were  extended  by  assuming  that  not 
measured  bolt  torque  values  were  105  inch-pounds.  Two  individual 
points  were  available  from  0  Bolt  Joint  tests.  One  of  these 
points  plots  coincidental  with  the  Loaded  Hole  curve  with  no 
necessary  relationship  existing  between  this  point  and  the  curve. 
Assumed  torque  values  for  the  8  Bolt  Joint  specimens  are  17  inch- 
pounds  for  3/16  inch  diameter  bolts,  and  52  inch-pounds  for  the 
1/4  inch  diameter  bolts. 

Two  parameters  are  believed  to  be  significant  in  locating  the 
various  curves  on  a  plot  of  fatigue  life  versus  C  for  constant 
maximum  and  mean  stresses.  The  first  is  the  bolt  hole  bearing 
stress  as  compared  to  the  net  tension  stress.  The  higher  the 
bearing  stress,  the  lower  the  fatigue  life  for  C  =  0.  Secondly, 
the  combination  of  materials  used  as  primary  structure  and  as 
splice  or  doubler  plates,  including  peened  or  not  peened  sur¬ 
faces.  Further  investigation  is  necessary  to  define  these 
curves  for  ranges  of  bearing  stress  ratios  and  material  combi¬ 
nations. 


48 


e ,  Mixed  Cycle  Testing 


Mixed  loading  cycles  were  applied  to  one  set  of  8  Bolt  Joint 
specimens.  Different  combinations  of  loading  cycles  were  applied 
to  each  group  of  four  specimens,  with  the  applied  stresses  and 
cycles  to  failure  as  shown  in  Table  LVIII. 

The  linear  cumulative  damage  rule  (Palmgren-Mine r  Method)  was 
used  for  computing  damage.  Loading  cycles  were  changed  after 
every  increment  of  approximately  ,25  damage  accumulation  up  to  a 
total  of  1.50.  At  .50  damage  accumulation,  .06  inch  reaming  and 
peening  were  applied.  Once  1.50  damage  had  been  achieved,  load¬ 
ing  cycles  were  held  constant  at  a  relatively  high  level  until 
failure . 

Average  damage  values  at  failure  ranged  from  4.92  to  6,77,  Table 
VIII,  A  parallel  computation  is  given  with  the  assumptions  of 
100  per  cent  damage  reduction  (zero-time)  due  to  reaming,  and  a 
factor  of  4.0  applied  to  the  fatigue  life  data  used  after  ream¬ 
ing  to  account  for  the  increase  in  fatigue  life  due  to  increased 
bolt  preload.  In  all  cases  the  damage  computed  with  these  fac¬ 
tors  included  exceeded  1.00.  Two  groups  of  specimens  achieved 
slightly  higher  damage  values  at  failure  than  the  remaining  two, 
which  indicates  a  tendency  of  the  lower  stress  levels  applied 
prior  to  the  final  loading  to  be  more  beneficial  to  life  than  the 
higher  load  cycles.  These  results  correlate  well  with  those 
plotted  in  figure  15  of  Reference  (3). 

The  comparison  between  the  results  of  mixed  cycle  testing  and 
constant  load  testing  is  shown  by  the  last  two  bars  of  the  chart 
in  Figure  12,  with  the  specimens  subjected  to  mixed  cycle  loading 
producing  higher  damage  values  at  failure  than  those  subjected  to 
constant  loading, 

f .  Edge  Distance  Limitations 

Mo  definite  limitations  were  encountered  as  a  result  of  small 
edge  distance.  As  applied  to  the  specimens  tested  in  this  pro¬ 
gram,  edge  distance  is  measured  normal  to  the  direction  of 
applied  load,  and  is  expressed  as  the  ratio  of  the  distance  from 
the  center  of  the  hole  to  the  edge  of  the  part  to  the  hole  dia¬ 
meter.  Control  curves  for  Open  Hole  specimens  with  edge  distance 
ratios  of  2.5,  2.0,  and  1.5  are  shown  in  Figures  30,  39,  and  40, 
while  the  control  for  a  symmetrically  located  hole  is  shown  in 
Figure  32,  The  computed  maximum  stresses  at  the  edge  of  a  hole 
given  as  a  function  of  applied  load,  P,  are  presented  in  Section 
III,  Part  1. 
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CYCLE  RATIO  SUMMATION,  MIXED  LOADING  CYCLES 
8  BOLT  JOINT  SPECIMENS 
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Double  reaming  was  applied  to  the  specimens  of  test  numbers  40 
and  50,  with  the  results  as  given  in  Tables  XXVIII  and  XXIX, 

Edge  distance  ratios  before  reaming  were  2,5  and  1,5;  a  ,06  inch 
ream  was  applied  after  the  first  block  of  load  cycles,  and  a  .03 
inch  ream  after  the  second  block,  These  specimens  proved  to  have 
lower  basic  fatigue  lives  than  those  of  the  control  curves,  with 
the  effective  damage  accumulation  much  higher  than  the  scheduled 
50  per  cent  basic  life  at  the  time  of  the  first  ream.  The  rela¬ 
tively  low  cycles  to  failure  values  produced  by  these  tests  are 
attributed  to  the  particular  specimens.  No  particular  limitation 
due  to  edge  distance  was  evident. 

All  Loaded  Hole  and  Joint  specimens  were  designed  with  symmetri¬ 
cal  hole  patterns.  The  8  Bolt  Joint  specimens,  after  the  holes 
were  reamed  to  .250  inch  diameter,  had  an  edge  distance  ratio  of 
1.5.  The  results  of  the  0  Bolt  Joint  tests  compare  favorably 
with  those  of  the  Loaded  Hole  and  4  Bolt  Joint  specimens. 

The  ratio  of  bolt  spacing  parallel  to  the  direction  of  applied 
load  to  bolt  diameter  was  most  critical  for  the  4  Bolt  Joint 
specimen  with  holes  reamed  to  .312  inch  diameter.  This  ratio 
was  3.2  as  compared  with  a  general  industry  standard  of  a  mini¬ 
mum  of  4.0.  This  effect  did  not  produce  any  limitation  upon 
fatigue  life.  (Reference  the  bar  chart  of  Figure  12  for  the  re¬ 
lationship  between  the  results  of  the  reamed  joint  specimens.) 

The  effects  of  edge  distance  and  bolt  spacing  are  factors  which 
must  be  considered  in  any  given  structural  analysis.  However, 
it  is  concluded  from  the  results  of  this  testing  program  that  no 
abnormal  limitations  are  applicable  due  to  bolt  location  geo¬ 
metry. 

g .  Conclusions 


It  is  recommended  that  the  .03  inch  reaming  process  be  avoided 
wherever  possible.  The  effect  on  fatigue  life  is  favorable  for 
most  applications,  but  it  is  definitely  marginal  for  highly 
loaded  joints.  It  has  the  added  disadvantages  of  requiring 
special  bolts  after  reaming  without  any  benefit  of  increased 
preload,  and  of  not  cleaning  up  holes  which  are  more  than  .015 
inches  beyond  the  nominal  radius,  such  as  egg  shaped  or  out-of- 
round  holes.  During  the  A-26A  permanent  repair  installation, 
this  latter  condition  occurred,  and  influenced  the  decision  to 
take  all  critical  holes  out  to  the  next  nominal  diameter. 

The  ,06  inch  ream  is  strongly  recommended  for  increasing  the 
fatigue  life  of  existing  structures.  Damage  reduction  is  re¬ 
liable  and  the  installation  of  a  larger  fastener  will  produce  a 
longer  basic  fatigue  life.  In  the  event  that  fatigue  life 
versus  C  curves  become  defined  for  a  practical  range  of  struc¬ 
tures,  bolt  si2es  can  be  selected  with  confidence  for  the  pur¬ 
pose  of  producing  significantly  longer  fatigue  lives. 
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8 .  Peenino 
a .  General 


The  basic  peening  process  used  in  the  specimen  testing  program 
uias  identical  to  that  used  on  the  production  A-26A  airplane, 

This  process  was  developed  during  the  A-26A  uiing  cyclic  fatigue 
test  program  for  the  purpose  of  peening  in  and  around  small 
screw  holes.  A  deflector  was  designed  for  directing  shot  to  the 
inside  surface  of  screw  holes  with  diameters  as  small  as  .188 
inch  (Figure  20).  This  process  was  applied  to  the  critical  areas 
of  the  wing  spar  caps  of  the  A-26A  service  airplanes  as  one  of 
the  requirements  of  the  Permanent  Repair  modification  developed 
during  the  fatigue  test  program. 

Although  shot  peening  was  used  for  processing  the  cyclic  test 
wings,  glass  peening  was  used  on  the  service  aircraft  in  order  to 
avoid  corrosion  problems,  and  was  used  in  the  basic  process  for 
the  specimen  testing.  The  peening  intensity  attained  on  a  surface 
inside  of  a  screw  hole,  using  the  deflector  of  the  basic  process, 
.020  inch  diameter  glass,  is  estimated  to  be  .0G7A. 

The  objective  of  the  peening  process  is  to  inhibit  the  develop¬ 
ment  of  fatigue  cracks  by  producing  residual  compression  stresses 
on  the  surface  material  of  a  part  in  areas  where  fatigue  failures 
are  likely  to  occur.  These  residual  stresses  are  produced  by  de¬ 
forming,  or  cold  working,  the  surface  material  due  to  the  impact 
of  the  shot  blasting.  Figure  11  of  Reference  ( 1 1  )  indicates  that 
creating  a  compressive  residual  stress  to  a  depth  of  ,008  inch 
under  the  surface  produces  a  maximum  stress  of  50,000  psi  on 
7075-T6  aluminum  alloy.  This  was  achieved  using  an  Almen  intensity 
of  . 007A  ( . 002C ) . 

Reference  (2)  gives  values  for  residual  stresses  in  2014-T6  due  to 
peening  with  an  intensity  of  .009A,  Maximum  compressive  stress  is 
39,000  psi,  tapering  off  to  5,000  psi  at  .030  inch  under  the  sur¬ 
face,  Test  specimens  are  made  from  2014-T6  and  peened  with  a  basic 
intensity  of  .007A. 

b .  Open  Hole  Peenino 

The  basic  peened  Open  Hole  test  results  did  not  show  any  signifi¬ 
cant  improvement  in  fatigue  life  as  compared  to  the  basic  not- 
peened  test  results.  An  additional  series  of  peened  specimen 
tests  was  scheduled  in  order  to  find  the  best  process  for  extending 
fatigue  life: 

(a)  Test  number  35.  The  clad  material  was  removed  from  the 
surface  area  around  the  hole  prior  to  peening. 

(b)  Test  number  37,  The  basic  peening  process  was  applied 
to  a  ,250  inch  diameter  hole  as  compared  with  the  ,188 
inch  basic  diameter. 
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(c)  Test  number  30.  A  peening  intensity  of  Almen  .015A  was 
used  without  using  the  deflector  for  peening  the  inside 
hole  surface.  The  inside  hole  surface  was  peened  by 
directing  the  shot  obliquely  from  the  outside.  The 
hole  diameter  was  .250  inch,  and  the  surfaces  clad. 

(d)  Test  number  29  was  the  same  as  test  number  30  except 
that  the  clad  material  was  removed  from  the  surface 
area  around  the  hole. 

(e)  Test  number  36  was  the  same  as  test  number  30  except 
that  the  specimen  thickness  was  .125  inch  as  compared 
to  the  basic  .250  inch. 

Peened  surfaces  are  shown  in  Figure  21,  magnified  200  times. 
Figure  21  (a)  shows  the  inside  surface  of  a  hole  peened  with  the 
basic  deflector  process.  This  specimen  was  soaked  at  940°F  for 
30  minutes  followed  by  a  cold  water  quench.  The  cold  worked  area 
is  shown  by  the  smaller  grain  sizes.  Depth  of  cold  working  is 
estimated  at  .0015  inch. 

Figure  21  (b)  shows  an  outside  surface  peened  to  an  intensity  of 
.015A.  This  specimen  was  not  heat  treated.  Estimated  cold  work¬ 
ing  depth  is  approximately  the  same  as  that  found  on  the  inside 
hole  surface  peened  at  .007A. 

During  the  course  of  analyzing  test  results,  it  was  noted  that 
each  group  of  data  taken  from  peened  specimen  results  was  re¬ 
markably  consistent.  A  survey  of  the  sample  standard  devia¬ 
tions,  s,  indicated  that  the  deviation  values  (scatter)  were 
consistently  smaller  for  peened  specimen  tests  than  for  not- 
peened  specimen  tests.  A  typical  compilation  of  test  results  is 
plotted  on  probability  paper,  Figure  22,  showing  graphically  the 
relative  scatter  of  peened  and  not-peened  specimen  test  results. 
These  data  are  all  taken  from  the  same  nominal  loading  level, 
with  the  failure  cycles  adjusted  to  account  for  minor  variations 
in  maximum  stresses. 

c .  Loaded  Hole  and  Joint  Peening 

Peened  Loaded  Hole  and  Joint  specimens  generally  had  fatigue 
lives  that  were  equal  to,  or  somewhat  less  than  those  for  not- 
peened  specimens  tested  under  comparable  conditions. 
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Figure  20,  Sketch  Showing  Section  View  of  Peening 
Device.  Scale:  4:1 
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Figure  21  (a) 


Figure  21  (b)  (Concluded) 

Figure  21.  PeBned  surfaces  magnified  200  times.  (a)  Inside  of 
hole  peened  with  deflectorj  (b)  Outside  surface. 
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Figure  22,  Pir  tent  Failure  versus  Log  N  For  Peened  and  Not 
Peened  Specimens,  fflaxi mum  Stress ,  38 P 000  lb/ln*. 


99.S  99*9  99.99 


Figures  15,  17,  and  19  are  plots  of  fatigue  life  versus  bolt 
torque  for  constant  loading  levels  and  show  a  reduction  of 
fatigue  life  for  the  peened  specimens  as  compared  to  the  not 
peened.  It  is  concluded  that  there  are  values  of  bolt  torque 
which  bring  the  peened  specimen  test  results  up  to  those  for  the 
not  peened  specimens.  In  every  case  where  comparable  fatigue 
lives  were  achieved  by  peened  specimens,  bolt  torque  was  not 
measured,  leading  to  the  conclusion  that,  from  extrapolating  the 
fatigue  life  versus  bolt  torque  curves,  the  not  measured  torque 
was  higher  than  any  of  the  measured  values. 

Two  sets  of  tests  were  run  with  peened  specimens  without 
measured  bolt  torque: 

(a)  Basic  peened  Loaded  Hole  and  4  Bolt  Joint  tests, 
numbers  27  and  28.  These  specimens  were  tested  prior 
to  the  evaluation  of  the  effect  of  bolt  torque  on 
fatigue  life.  The  specimens  were  reassembled  after 
the  peening  process  had  been  applied  using  standard 
wrenches  rather  than  torque  measuring  wrenches.  The 
fatigue  life  results  of  these  tests  were  scattered, 
with  some  values  essentially  the  same  as  for  not 
peened  specimens,  and  some  higher  values  indicative 
of  the  effect  of  higher  bolt  preloads. 

(b)  All  of  the  8  Bolt  specimens  that  were  reamed  to  .250 
inch  diameters  (Test  numbers  47  and  49)  had  bolts  with 
not  measured  torque  values.  This  was  done  as  a  matter 
of  expediency,  as  the  normal  socket  used  with  the 
torque  wrench  did  not  clear  with  the  extremely  close 
bolt  spacing.  This  condition  simulates  that  of  service 
airplanes  as  torque  wrenches  are  not  normally  required 
for  skin  to  spar  attachments. 

It  is  concluded  that  for  mating  flat  surfaces,  peening  produces 
an  irregular  surface  for  transmitting  friction  forces,  and  as 
such,  produces  highly  localized  stress  variations.  The  inter¬ 
action  of  one  of  these  localized  stress  areas  with  the  normal 
stress  increase  at  the  edge  of  a  hole  causes  a  decrease  in 
fatigue  life.  For  sufficiently  high  bolt  preload  values,  the 
irregular  surface  is  essentially  flattened  out  and  the  stress 
due  to  friction  becomes  more  uniform. 

d.  Conclusion 

Based  on  the  existing  state-of-the-art  peening  in  and  around 
small  screw  holes  in  aluminum  structural  members,  peening  cannot 
be  recommended  as  a  means  of  increasing  the  fatigue  life  of 
aluminum  parts  with  critical  small  screw  holes. 
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SECTION  IV 


fl-26fl  SERVICE  LIFE  PREDICTION 


Damage  accumulation  versus  service  hours  For  the  A-26A  airplane 
is  given  in  the  A-26A  Service  Life  Prediction,  Reference  (l). 

Damage  accumulation  for  the  three  most  critical  sections  of  the 
wing  are  shown  on  pages  1-4,  1-5,  and  1-6,  of  that  report.  These 
plots  are  based  upon  an  analysis  of  the  wing  cyclic  fatigue  test 
results  and  measured  A-26A  airplane  operational  flight  loads  (\/gh) 
data . 

One  of  the  objectives  of  the  specimen  testing  program  is  to  cor¬ 
relate,  or  modify,  the  assumptions  made  in  the  analysis  of  the 
wing  cyclic  test  results. 

The  analysis  of  the  wing  cyclic  test  results  included  the 
f  ollowing : 

(a)  Evaluation  of  initial  damage.  The  A-26A  wings  selected 
for  the  cyclic  fatigue  test  had  previous  service  time 
as  a  B-26B  airplane  of  approximately  3500  hours.  Ini¬ 
tial  existing  damage  was  evaluated  for  critical  stations 
from  wing  cyclic  test  results. 

(b)  Evaluation  of  damage  reduction  due  to  reaming.  A  damage 
reduction  factor  of  .7  was  used  for  both  reaming  pro¬ 
cesses,  .03  inch  and  .06  inch  reams. 

(c)  Evaluation  of  damage  accumulation  rates  as  a  function 
of  cyclic  test  service  hours.  This  was  accomplished  by 
selecting  values  originally  calculated  from  com¬ 
ponent  tests,  unit  stress  calculations  for  given  criti¬ 
cal  sections,  and  the  fitting  of  plots  to  match  100  per 
cent  damage  for  each  of  several  failures,  or  cracks, 
that  occurred  during  the  cyclic  test.  A  reduced  Kt 
value  used  after  the  peening  process  was  applied  to 
account  for  the  reduced  damage  accumulation  rates  which 
were  assumed  to  be  due  to  the  effect  of  having  peened 
screw  holes. 

The  time-history  of  the  damage  accumulation  for  the  most  critical 
section  of  the  A-26A  wing  is  reproduced  in  Figure  24.  The  only 
net  change  to  this  plot  caused  by  the  conclusions  drawn  from  this 
specimen  testing  program  is  due  to  the  damage  reduction  factor 
for  the  .06  inch  ream.  This  reaming  process  was  applied  as  one 
of  the  reguirements  of  the  Permanent  Repair,  a  modification  applied 
to  all  A-26A  airplanes  as  a  result  of  the  cyclic  fatigue  testing 
program . 
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The  damage  reduction  factor  of  .70  used  for  both  of  the  reaming 
processes  is  unchanged  for  the  .03  inch  ream  and  is  changed  to 
.90  for  the  .06  inch  ream.  This  change  produces  the  modification 
shown  for  the  cyclic  test  damage  time-history  of  Figure  23. 

The  remaining  cyclic  test  time-histories  are  unchanged.  The  re¬ 
duction  of  damage  accumulation  rates  after  the  installation  of 
the  Permanent  Repair  has  now  been  attributed  to  the  increased 
preloads  associated  with  the  larger  bolts  installed  because  of 
reaming  critical  holes,  rather  than  to  the  effects  of  shot 
peening , 

The  damage  accumulation  rate  reduction  factor  for  the  A-26A  wing 
front  spar,  station  46,  Figure  23,  is  approximately  2,0.  Speci¬ 
men  results  of  .06  inch  reaming  tests  indicate  reduction  rates 
of  2.5  to  3.0.  Because  the  attachments  at  this  wing  station  are 
subject  to  redundant  loads  from  the  steel  reinforcement  strap  to 
the  wing  spar,  it  is  assumed  that  the  bearing  loads  on  the 
attachments  were  increased  after  the  change  from  3/16  inch  dia¬ 
meter  bolts  to  l/4  inch  diameter  during  the  Permanent  Repair  in¬ 
stallation.  Thus,  the  increased  rigidity  of  the  attachments 
produced  increased  loads,  as  compared  to  the  specimen  tests, 
with  constant  loading  being  applied  before  and  after  a  reaming 
process. 

The  A-26A  Service  Life  Prediction  damage  accumulation  for  the 
most  critical  wing  station  is  shown  in  Figure  24.  The  unmodified 
damage  plot  of  Reference  (1),  was  calculated  using  the  damage 
accumulation  rates  and  damage  reduction  factors  taken  from  the 
analysis  of  the  cyclic  test  results,  and  airplane  useage  com¬ 
puted  from  Ugh  data  measured  on  service  airplanes.  The  useage 
for  the  Service  Life  Prediction  varies  from  that  of  the  cyclic 
test  loading  because  of  the  difference  between  measured  data  and 
estimated  data,  and  because  the  Service  Life  Prediction  contains 
no  conservatism  factors,  while  a  factor  of  2.0  was  applied  to  the 
frequency  of  load  application  for  the  cyclic  test.  Conservatism 
factors,  accounting  for  variations  in  airplane  useage  and  for 
scatter  in  fatigue  failure  data,  are  applied  to  the  Service  Life 
Prediction  damage  accumulation  by  the  airplane  operators. 

The  Service  Life  Prediction  damage  accumulation  of  Figure  24  is 
modified  by  applying  ratios  taken  from  the  changes  in  damage  re¬ 
duction  and  damage  accumulation  rate  of  the  cyclic  test  time- 
history,  Figure  23.  These  changes  are  considered  to  be  minor, 
with  a  damage  value  of  .157  at  4,000  service  hours  as  compared 
with  the  original  value  of  .149. 
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Figure  26.  S-N  Curve  Comparison  for  Open  Holes,  Loaded  Holes,  4  Bolt  Joints, 
and  8  Bolt  Joints.  Mean  Stress,  10,000  psl. 


Figure  28.  Loaded  Hole  Specimen  Test  Results.  Not  Peened,  Peened  (without  Torque 
Control),  .03  in.  and  .06  in.  Ream  at  50*  Life.  20,000  pal  Wean  Stress. 
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Figure  31.  Failed  4  Bolt  Joint  Specimen. 

Crack  Initiated  Outside  of  Hole  Due  to  Bolt  Preload. 
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LIST  OF  DATA  SHEETS 


TABLE 

NO. 

TEST 

NO. 

DESCRIPTION 

IX 

2 

Open  Hole  Control 

20,000  psi  fflean  Stress 

X 

1 

10,000  psi  Wean  Stress 

XI 

3 

,125  in.  Thickness 

XII 

4 

90%  Net  Tension  Efficiency 

XIII 

5 

7 5/S  Net  Tension  Efficiency 

XIV 

6 

65%  Net  Tension  Efficiency 

XV 

9 

2.5  Edge  Distance  Ratio 

XVI 

B 

2.0  Edge  Distance  Ratio 

XVII 

7 

1,5  Edge  Distance  Ratio 

XVIII 

34 

Clad  material  Removed 

XIX 

30 

Grease  on  Hole  Surface 

XX 

14 

Open  Hole  Reaminq 
,03  in.  Ream  25-66%  Life 

XXI 

15 

.03  in.  Ream  25-66%  Life 

XXII 

16 

.03  in.  Ream  25-66%  Life 

XXIII 

17 

.03  in.  Ream  100%  Life 

XXIV 

10 

.06  in  Ream  25-66%  Life 

XXV 

19 

.06  in.  Ream  25-66%  Life 

XXVI 

20 

.06  in.  Ream  25-66%  Life 

XXVII 

21 

.06  in.  Ream  100%  Life 

XXVIII 

50 

Double  Ream,  2,5  Edge  Distance 

XXIX 

40 

Double  Ream,  1.5  Edge  Distance 

XXX 

26 

Open  Hole  Peeninq 

Basic 

XXXI 

35 

Clad  material  Removed 

XXXII 

37 

.250  in.  Hole 

XXXIII 

30 

High  Intensity 

XXXIV 

29 

High  Intensity 

XXXV 

36 

.125  in.  Thickness 
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LIST  OF  DATA  SHEETS 
(Continued ) 


TABLE 

TEST 

NO. 

NO. 

DESCRIPTION 

Loaded  Hole  Control 

XXXVI 

1 1 

20,000  psi  Hlean  Stress 

XXXVII 

10 

10,000  psi  fflean  Stress 

Loaded  Hole  Reaminq  and  Bolt  Torque 

Variation 

XXXVIII 

22 

.03  in.  Ream  at  50%  Life 

XXXIX 

23 

,06  in.  Ream  at  50%  Life 

XL 

39 

Lube  Surfaces,  Bolt  Torque  Variation 

XL  I 

42 

Dry  Surfaces,  Bolt  Torque  Variation 

Loaded  Hole  Peeninq 

XL  II 

27 

Basic 

XL  II I 

44 

Bolt  Torque  Variation 

4  Bolt  Joint  Control 

XL  IV 

13 

20,000  psi  mean  Stress 

XLV 

12 

10,000  psi  mean  Stress 

4  Bolt  Joint  Reaminq  and  8olt  Torque 

Variation 

XLVI 

24 

.03  in.  Ream  at  50%  Life 

XLVII 

25 

.06  in.  Ream  at  50%  Life 

XLV  1 1 1 

31 

.03  in.  Ream,  Low  Bolt  Torque 

XL  IX 

32 

.06  in.  Ream,  Low  Bolt  Torque 

L 

33 

Ream  and  Bolt  Torque  Variations 

LI 

41 

Lube  Surfaces,  Zero  Bolt  Torque 

L 1 1 

43 

Dry  Surfaces,  Bolt  Torque  Variation 

4  Bolt  Joint  Peeninq 

LI  1 1 

28 

Basic 

LIV 

45 

Bolt  Torque  Variation 

8  Bolt  Joint  Tests 

LV 

46 

20,000  psi  mean  Stress 

LVI 

48 

10,000  psi  mean  Stress 

LVII 

47 

.06  in.  Ream  and  Peen,  50%  Life 

LVI  II 

49 

mixed  Loading  Cycles 
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LIST  OF  DATA  SHEETS  AND  S-N  CURVES  BY  TEST  NUMBER 


TEST  NO. 

DATA  SHEET 
TABLE  NO. 

S-N  CURVE 
FIGURE  NO. 

TEST  NO. 

DATA  SHEET 
TABLE  NO. 

S-N  CURVE 
FIGURE  NO. 

1 

X 

33 

32 

XLIX 

69 

2 

IX 

32 

33 

L 

NONE 

3 

XI 

34 

34 

XVIII 

41 

4 

XII 

35 

35 

XXXI 

54 

5 

XIII 

36 

36 

XXXV 

58 

6 

XIV 

37 

37 

XXXII 

55 

7 

XVII 

40 

38 

XIX 

42 

B 

XVI 

39 

39 

XL 

NONE 

9 

XV 

38 

40 

XXIX 

52 

10 

XXXVII 

60 

41 

LI 

NONE 

11 

XXXVI 

59 

42 

XLI 

NONE 

12 

XLV 

65 

43 

LI  I 

NONE 

13 

XL  IV 

64 

44 

XL  1 1 1 

NONE 

14 

XX 

43 

45 

LIV 

NONE 

15 

XXI 

44 

46 

LV 

71 

16 

XXII 

45 

47 

LVII 

73 

17 

XXIII 

46 

48 

LVI 

72 

18 

XXIV 

47 

49 

L 

NONE 

19 

XXV 

48 

50 

XXVIII 

51 

20 

XXVI 

49 

21 

XXVII 

50 

22 

XXXVIII 

61 

23 

XXXIX 

62 

24 

XLVI 

66 

25 

XLVII 

67 

26 

XXX 

53 

27 

XL  1 1 

63 

28 

LIII 

70 

29 

XXXIV 

57 

30 

XXXIII 

56 

31 

XLVI II 

68 
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TEST  NUMBER  2  OPEN  HOLE  SPECIMENS 
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TEST  NUMBER  1  OPEN  HOLE  SPECIMENS 
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TEST  NUMBER  3  OPEN  HOLE  SPECIMENS 
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TEST  NUMBER  4  OPEN  HOLE  SPECIMENS 
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TABLE  XIII 

TEST  NUMBER  5  OPEN  HOLE  SPECIMENS 
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fflaxi mum  Stress  26,700  29,900  33,000  37,800 

Mean  Stress  19,000  19,000  18,900  10,900 
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Actual  %  Life  43.7  55.2  43.0 
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Maximum  Stress  32,000  30,100 

Mean  Stress  19,100  19,100 
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Actual  %  Life  15.8  25,0 
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Actual  %  Life  45.4  53.6  46, □ 
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Maximum  Stress  32,600  30,300 

Mean  Stress  19,200  19,100 
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44,500  24,500  0,500  3,500 
44,500  14,400  0,500  200 
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TEST  NUMBER  30  QPEM  HOLE  SPECIMENS 
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Maximum  Stress  27,900  28,800  33,400  38,000 

Wean  Stress  19,200  19,200  19,100  19,000 
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TEST  NUMBER  29  OPEN  HOLE  SPECIMENS 
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Stress  19,900  20,100  20,100  20,000 
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TEST  NUMBER  36  OPEN  HOLE  SPECIMENS 
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TABLE  XXXVI 

TEST  NUMBER  11  LOADED  HOLE  SPECIMENS 
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Stress  19,200  19,200  19,200  19,200 
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TEST  NUMBER  10  LOADED  HOLE  SPECIMENS 
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Maximum  Stress  21,100  25,700  30,400  32,500 

Mean  Stress  9,590  9,500  9,500  9,590 
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TEST  NUMBER  22  LOADED  HOLE  SPECIMENS 
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Ream  Cycles)  81,000  48,400  13,900  4,800 

Net  Ream  Cycles)  62,000  74,100  20,000  11,520 
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Ream  Cycles)  81,000  48,400  13,900  4,800 

Net  Ream  Cycles)  399,000  298,600  55,000  28,200 
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TEST  NUMBER  39  LOADED  HOLE  SPECIMENS 
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fflaan  Straas  19,000  19,000  19,000  19,100 
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Mean  Stress  9,520  9,570  9,540  9,540 
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(Ream  Cycles)  34,200  31,900  9,000  4,000 

(Net  Ream  Cycles)  52,400  24,000  10,000  1,980 
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Ream  Cycles)  34,200  31,900  9,800  4,000 

Net  Ream  Cycles)  398,800  176,100  104,200  39,500 
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TEST  NUMBER  41  4  BOLT  JOINT  SPECIMENS 
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TEST  NUMBER  43  4  BOLT  JOIMT  SPECIMENS 
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Figure  [B35.  Test  No.  4.  Open  Hole  Control.  Net  Section 
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Figure  38,  Test  No,  9,  Open  Hole  Control,  Edge  Distance  Ratio,  2,5 
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figure  39,  Test  No,  8,  Open  Hole  Control.  Edge  Distance  Ratio,  2.0 
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Figure  41..®  Test  No.  34.  Bare  Material  Control. 


Figure  42,  Test  Mo.  3B.  Control,  Open  Hole,  Surface  Covered  with  Crease 
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Figure  45,  Test  No.  16.  Open  Hole  Reaming.  Hole  Diameter  Increase.  .03  in 

Ream  at  25-66#  Life. 
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Figure  47.  Test  No,  IS,  Open  Hole  Reaming.  Hole  Diameter  Increase,  .06  in 

Ream  at  25-665C  Life. 
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Figure  46* .  Test  No.  19.  Open  Hole  Reaming.  Hole  Diameter  Increase,  .06  in 


Figure  51,,  Test  No.  50.  Short  Edge  Distance,  Double  Ream.  Edge  Distance 

Ratio  Before  Reaming,  2.5.  Hols  Diameter  Increase! 
.06  in.  at  50$  Life,  .03  in.  at  100$  Life. 


Figure  52,  Test  No.  40.  Short  Edge  Distance,  Oouble  Ream.  Edge  Distance 

Ratio  Before  Reaming,  1.5,  Hole  Diameter  Increa 
.06  in.  at  50%  Life,  .03  in.  at  100%  Life. 
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Figure  53..  Test  No.  26.  Open  Hole  Peenlng  (.007A) 


Figure  54,.  Test  No,  35.  Open  Hole  Pearling,  Bare  Material  (.007A). 
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lest  No.  37.  Open  HoIb  Peening  (.0Q7A).  ,250  in.  Hole. 
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Figure  56,,  Test  No.  30.  Peering  on  Clad  material.  High  Intensity  Peening 

Outside  oF  Hole.  (Steel  Shot,  .015A). 
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Figure  Teat  No.  10.  Loaded  Hole  Control.  10,000  pai  Mean  Stress 
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Figure  63..  Teat  No,  22.  Loaded  Hole  Reaming,  Hole  Diameter  Increase 

.03  in*.  Ream  at  S0?£  Life. 
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figure  62..  Test  No.  23.  Loaded  Hole  Reaming.  Hole  Diameter  Increase 

.06  in. ,  Ream  at  50%  Life. 


Figure  t?65. Test  No.  12.  10,000  psi  Wean  Stress.  4  Bolt  Joint  Control 
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